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Abstract

Consistent with the context-dependent memory literature, previous research suggests

that when the same frequency of neural oscillations is reinstated between memory encoding

and retrieval, engram reactivation is facilitated, and thus declarative memory recall is

enhanced. Importantly, engram reactivation is also fundamental for the redistribution process

that underlies sleep-dependent memory consolidation. Therefore, the current study

investigated whether reinstating frequency-specific oscillatory activity between encoding and

sleep would facilitate the engram reactivation implicated in sleep-dependent memory

consolidation, and thus enhance post-sleep declarative memory performance. Transcranial

alternating current stimulation (tACS) was administered to the left dorsolateral prefrontal

cortex (DLPFC) of human participants during a declarative memory task. Participants

received 60 Hz of stimulation during encoding, and 60 Hz, 90 Hz, or sham stimulation during

post-learning slow-wave sleep (SWS) or rapid eye-movement (REM) sleep. In immediate

and delayed free recall sessions, declarative memory performance was significantly enhanced

if participants had received the same frequency of stimulation during encoding and SWS

compared to any other stimulation condition. This finding supports a novel theoretical

proposal, which assumes that an intrinsic neurobiological mechanism for coordinating

frequency-specific oscillatory activity, during SWS, underlies sleep-dependent declarative

memory consolidation.
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Memory enhancement refers to a phenomenon whereby an individual’s memory for learned

stimuli becomes greater compared to other learned stimuli (Kensinger & Corkin, 2003).

Since memory is a fundamental cognitive function that underlies a variety of tasks spanning

the recall of survival-related information to the development of language (Gathercole &

Baddeley, 2014; Nairne, Thompson, & Pandeirada, 2007), research has attempted to identify

the neurobiological mechanisms that cause memory enhancement. On the one hand,

reinstating implicit neural contexts between encoding and retrieval leads to memory

enhancement by facilitating the retrieval process (Jafarpour, Fuentemilla, Horner, Penny, &

Duzel, 2014; Javadi, Glen, Halkiopoulos, Schulz, & Spiers, 2017; Sederberg et al., 2007;

Staresina et al., 2016; Wimber, Maaß, Staudigl, Richardson-Klavehn, & Hanslmayr, 2012).

On the other hand, memory enhancement is also achieved by facilitating sleep-dependent

memory consolidation through the reinstatement of explicit environmental contexts between

encoding and sleep (Antony, Gobel, O’Hare, Reber, & Paller, 2012; Rasch, Büchel, Gais, &

Born, 2007; Smith & Weeden, 1990; for reviews, see Oudiette & Paller, 2013; Rasch &

Born, 2013). The current study combined these previous lines of research to determine

whether implicit neural contexts also have a role in sleep-dependent memory consolidation,

such that memories are enhanced following the reinstatement of frequency-specific neural

oscillations between encoding and sleep.

According to the encoding specificity principle of memory, memory performance is

dependent on encoding and retrieval conditions to the extent that recall is optimum when

conditions that were present during stimulus encoding are also present during retrieval

(Tulving & Thomson, 1973). This principle underlies the concept of context-dependent

memory whereby the reinstatement of contextual conditions between encoding and retrieval

is thought to facilitate recall. Support for context-dependent memory comes from studies

demonstrating that memory performance is greater when the environmental contexts that

were present during encoding and retrieval were congruent rather than incongruent (Smith &

Vela, 2001). For example, in a seminal study, deep-sea divers learned and recalled a list of

words in two environments: on land and underwater (Godden & Baddeley, 1975). The results

demonstrated that memory recall for words learned underwater was significantly greater if

those words were also recalled underwater compared to on land, and similarly, words learned

on land were better recalled on land compared to underwater. Hence, in line with context-

dependent memory, memory performance was facilitated by congruency between explicit

environmental contexts at encoding and retrieval.
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More recently, context-dependent memory has been reconceptualised within

neurobiological memory models, which posit that memory performance is dependent on

congruency between implicit neural contexts at encoding and retrieval (Marr, 1971;

McClelland, McNaughton, & O'Reilly, 1995; Norman & O’Reilly, 2003; Teyler & Rudy,

2007; Watrous & Ekstrom, 2014; Watrous, Fell, Ekstrom, & Axmacher, 2015; Watrous,

Miller, Qasim, Fried, & Jacobs, 2018). Specifically, the spectro-contextual encoding and

retrieval theory of episodic memory (SCERT) predicts that the same frequency of neural

oscillations (rhythmic fluctuations in cortical excitability; Fries, 2005) must occur between

encoding and retrieval in order for memory recall to be optimum (Canavier, 2015; Hanslmayr

& Staudigl, 2014; Siegel, Donner, & Engel, 2012; Sutterer, Foster, Serences, Vogel, & Awh,

2018; Watrous et al., 2015; Watrous et al., 2018; Watrous & Ekstrom, 2014). The reason

being that frequency-specific oscillatory activity is assumed to modulate neural activity

through the coordination of phase synchronisation and cross-frequency coupling.

Phase synchronisation (PS) and cross-frequency coupling (CFC) are neural

mechanisms which relate to the oscillatory phases of neuronal networks. Specifically, PS

refers to a phenomenon whereby the neural activity in one neuronal network peaks repeatedly

at the same time in the oscillatory phase of another neuronal network (Fell & Axmacher,

2011). Whereas, CFC occurs when the phase of lower-frequency neural oscillations

modulates the amplitude of higher-frequency oscillations (Bragin et al., 1995; Canolty &

Knight, 2010). Importantly, ample evidence implicates PS and CFC as having functional

roles in spike-timing dependent plasticity within neuronal networks as well as neural

communication between neuronal networks (for reviews, see Canolty & Knight, 2010; Fell &

Axmacher, 2011; Fries, 2005; Jutras & Buffalo, 2010; Womelsdorf et al., 2007).

Consequently, PS and CFC are thought to contribute to the formation and reactivation of

neuronal groups that represent encoded events (‘engrams’). Crucially, since frequency-

specificity is a notable feature of PS and CFC, SCERT predicts that if the frequency-specific

oscillatory activity that occurred during memory encoding is reinstated during memory

retrieval, engram reactivation will be facilitated, and thus memory recall will be enhanced.

The first causal evidence in support of SCERT’s assumption that memory recall is

facilitated by the reinstatement of neural oscillations was demonstrated using transcranial

alternating current stimulation (tACS) to experimentally induce implicit neural contexts

during encoding and retrieval (Javadi et al., 2017). Notably, tACS is a non-invasive electrical

brain stimulation technique which has the capacity for neuronal entrainment whereby neural
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oscillations synchronise to the frequency of stimulation (Antal & Paulus, 2013; Helfrich et

al., 2014; Strüber, Rach, Trautmann-Lengsfeld, Engel, & Hermann, 2014). In Javadi et al.’s

(2017) study, participants performed a word recognition task, and tACS was administered to

the left dorsolateral prefrontal cortex (DLPFC) at either the same or different gamma

frequency during encoding and retrieval. The results found that compared to a sham

stimulation condition, memory accuracy was significantly greater when participants received

the same frequency of stimulation during encoding and retrieval (60Hz & 60Hz or 90Hz &

90Hz). However, no memory enhancement occurred between sham and active stimulation

conditions if participants received different frequencies of stimulation during encoding and

retrieval (60Hz & 90Hz or 90Hz & 60Hz). Henceforth, in line with SCERT, these findings –

coined ‘oscillatory reinstatement’ – indicate that reinstating the same frequency of neural

oscillations between encoding and retrieval leads to the enhancement of memories by

facilitating memory recall.

Whilst previous research suggests that engram reactivation during retrieval is

fundamental for successful memory recall, a related line of research has also implicated a role

for engram reactivation during sleep in memory consolidation. Specifically, the active system

consolidation hypothesis assumes that memories are consolidated during sleep when recently

encoded, fragile memory traces are redistributed from the hippocampus to the neocortex for

storage as more persistent engrams (Born & Wilhelm, 2012; Marshall & Born, 2007;

McClelland et al., 1995; O’Reilly & Rudy, 2001; Walker & Stickgold, 2006). Importantly,

this redistribution process requires repeated reactivation of the neuronal groups during sleep

that were active during encoding (Born & Wilhelm, 2012; Diekelmann & Born, 2010;

Marshall & Born, 2007; O’Neill, Pleydell-Bouverie, Dupret, & Csicsvari, 2010; Rasch &

Born, 2013). Accordingly, Peigneux et al. (2004) demonstrated that hippocampal and

parahippocampal activity, which occurred during spatial learning in a virtual navigation task,

was subsequently reactivated during slow-wave sleep (SWS), and the amount of this

reactivation correlated positively with the extent of improvement in post-sleep navigation

performance.

Consequently, the memory enhancement literature has investigated whether

techniques can be developed which experimentally induce engram reactivation during sleep

in order to facilitate sleep-dependent memory consolidation, and thus enhance post-sleep

memory performance. One such technique is targeted memory reactivation (TMR) whereby

contextual cues are associated with stimuli during encoding, and these cues are subsequently
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re-presented during sleep in an attempt to reactivate specific engrams (Antony et al., 2012;

Rasch et al., 2007; Smith & Weeden, 1990; for reviews, see Oudiette & Paller, 2013; Rasch

& Born, 2013; see also Ladenbauer et al., 2016; Ladenbauer et al., 2017; Paßmann et al.,

2016). Using a TMR paradigm, Rasch et al. (2007) asked participants to perform a

visuospatial card-pair (declarative) task and a finger-tapping (procedural) task in the presence

of an olfactory stimulus, and the same olfactory stimulus or an odourless vehicle was re-

presented during SWS, rapid eye-movement (REM) sleep, or wakefulness. The results found

that not only was hippocampal activity greater when the olfactory stimulus was re-presented

during SWS compared to wakefulness, but also post-sleep performance on the card-pair task

was greater when the olfactory stimulus was re-presented during SWS compared to REM

sleep, wakefulness, or when the odourless vehicle was presented. Moreover, no such finding

occurred for the finger-tapping task or if the olfactory stimulus was not presented during

encoding. Therefore, Rasch et al. (2007) concluded that re-presenting the olfactory stimulus

during SWS facilitated participants’ post-sleep declarative memory performance because

hippocampal reactivation was elicited, which lead to increased consolidation of

hippocampus-dependent (declarative) memories but not hippocampus-independent

(procedural) memories. Henceforth, there is evidence demonstrating that memory

enhancement is caused by the reinstatement of contextual conditions between encoding and

sleep as well as between encoding and retrieval.

In line with the active system consolidation hypothesis, Rasch et al.’s (2007) findings

suggest that increased engram reactivation during sleep was the mechanism which caused a

memory enhancement following the reinstatement of explicit environmental contexts

between encoding and sleep. As previously mentioned, SCERT assumes that engram

reactivation during retrieval is facilitated by oscillatory reinstatement between encoding and

retrieval, because frequency-specific oscillatory activity coordinates PS and CFC. Therefore,

an interesting question that remains to be determined is whether oscillatory reinstatement also

facilitates the engram reactivation that underlies sleep-dependent memory consolidation.

Consequently, the current study investigated whether memory enhancement is induced

following the reinstatement of frequency-specific oscillatory activity between encoding and

sleep. Hence, this study aims to further SCERT’s assumptions regarding the role of neural

oscillations in encoding and retrieval by determining whether neural oscillations also have a

role in sleep-dependent memory consolidation. Additionally, this study aims to introduce a
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brain stimulation protocol that could be used to enhance declarative memory performance for

therapeutic purposes.

The current study used a similar procedure to Javadi et al. (2017) such that

participants performed a declarative memory task involving word learning, and they received

two sessions of tACS in which the same or different gamma frequency was administered to

the left DLPFC. However, since the current study attempted to further Javadi et al.’s (2017)

findings by investigating whether oscillatory reinstatement facilitates sleep-dependent

memory consolidation, a novel stimulation protocol was used whereby tACS was

administered during encoding and different stages of a 90-minute retention interval

containing sleep. Moreover, the current study assessed post-sleep declarative memory

performance using a free recall paradigm rather than cued recall or recognition paradigms for

two reasons. Firstly, young adults often produce near-ceiling performance in post-sleep cued

recall tasks, and therefore, statistical analyses have been limited in previous sleep studies

(Ellenbogen, Hulbert, Stickgold, Dinges, & Thompson-Schill, 2006; Rauchs et al., 2008;

Scullin, 2013). Secondly, whereas post-learning sleep and TMR have been shown to have

limited or no beneficial effects on subsequent recognition performance, free recall tasks tend

to elicit pronounced memory enhancements following sleep and TMR (Ashton, Cairney, &

Gaskell, 2018; Diekelmann, Born, & Rasch, 2016; Rauchs et al., 2004; Tamminen, Ralph, &

Lewis, 2017; Wang et al., 2017). Additionally, post-sleep declarative memory performance

was assessed immediately after the 90-minute retention interval and 24 hours later, because

further overnight processing has been found to attenuate sleep intervention-related memory

benefits (Shimizu et al., 2018). Therefore, the current study aims to determine whether

oscillatory reinstatement has a long-term modulatory effect on sleep-dependent declarative

memory consolidation, such that differences in declarative memory performance between

stimulation conditions are maintained following an additional night of sleep.

Importantly, stimulation during sleep was either administered during SWS or REM

sleep. The reason being that ample evidence implicates SWS as having a fundamental role in

declarative memory consolidation whereas REM sleep is implicated in the consolidation of

procedural and emotional memories (Groch, Wilhelm, Diekelmann, & Born, 2013; Pilhal &

Born, 1997, 1999; Wagner, Hallschmid, Verleger, & Born, 2003; for reviews, see Ackermann

& Rasch, 2014; Gais & Born, 2004; Rasch & Born, 2013). Further, recent studies have

demonstrated differential effects of TMR on declarative and non-declarative memory

consolidation depending on whether the contextual cues were re-presented during SWS or
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REM sleep (Cairney, Durrant, Hulleman, & Lewis, 2014; Rasch et al., 2007; Smith &

Weeden, 1990). These findings are all in line with the dual-process hypothesis of sleep-

dependent memory consolidation, which assumes that SWS and REM sleep contribute to

declarative and non-declarative memory consolidation respectively (Maquet, 2001; Peigneux,

Laureys, Delbeuck, & Maquet, 2001). Henceforth, the current study aims to further

investigate the relative contributions of SWS and REM sleep to declarative memory

consolidation, by determining whether the potential effect of oscillatory reinstatement on

sleep-dependent declarative memory consolidation is dependent on the stage of sleep in

which reinstatement occurs.

The main prediction of the current study emanates from two lines of research

regarding the facilitatory effect of oscillatory reinstatement on engram reactivation and the

importance of engram reactivation for sleep-dependent memory consolidation. Specifically, it

is hypothesised that sleep-dependent declarative memory consolidation, and thus post-sleep

declarative memory performance, will be enhanced when the same frequency of neural

oscillations is reinstated between encoding and sleep. Hence, participants who are

administered with congruent stimulation during encoding and sleep should recall

significantly more words than participants who are administered with incongruent stimulation

or sham stimulation during encoding and sleep. Additionally, based on previous findings

which suggest that SWS, rather than REM sleep, is responsible for declarative memory

consolidation, it is hypothesised that oscillatory reinstatement will only enhance sleep-

dependent declarative memory consolidation if the reinstatement occurs during SWS as

opposed to REM sleep. Hence, participants who receive congruent stimulation during

encoding and SWS should recall significantly more words than participants who receive

congruent stimulation during encoding and REM sleep. Therefore, these two hypotheses

respectively investigate whether the effect of inducing neural oscillations on post-sleep

declarative memory performance is frequency-specific and sleep stage-specific. Finally,

TMR has been shown to modulate the contributions of various sleep stages, including sleep

stages in which TMR was not administered, to memory consolidation (Cairney et al., 2014;

Cousins, El-Deredy, Parkes, Hennies, & Lewis, 2016; Tamminen et al., 2017). Consequently,

the current study will also investigate relationships between the durations of specific sleep

stages and post-sleep declarative memory performance.
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Methods

Participants

A total of 112 participants took part in this study for course credits or the chance to

win an Amazon voucher. Data for 30 participants had to be excluded: 13 due to low

performance in at least one of the test sessions (performance lower than the mean minus two

SD of correct memory recall within their group), two due to a technical fault, 15 due to either

waking during stimulation or a short total sleep duration (less than 60 minutes).

Therefore, data for 82 participants (mean age [SD] = 19.98 [2.16], age range 18-30,

62 females) is reported. All participants were naive to the aim of the study, spoke fluent

English, and had normal or corrected-to-normal vision. Participants were screened to exclude

those with a history of neurological or psychiatric disorder, and no participant was taking

centrally acting medication. All participants gave their written informed consent, and the

study was given ethical approval by the Psychology Research Ethical Committee, University

of Kent.

Participants were randomly assigned to one of four conditions relating to the

stimulation frequency and sleep stage in which tACS was to be administered: congruent-

SWS, incongruent-SWS, congruent-REM, and sham. Table 1 shows a breakdown of the

stimulation conditions.

Table 1. Breakdown of stimulation conditions.

Condition n [% female]
Stim. freq.
during encoding

Stim. freq.
during sleep

Stim. stage
during sleep

Congruent-SWS 20 [80.00] 60 Hz 60 Hz SWS

Incongruent-SWS 17 [82.35] 60 Hz 90 Hz SWS

Congruent-REM 18 [77.78] 60 Hz 60 Hz REM

Sham 27 [66.67] 60 Hz None None

notes: Stim. = stimulation, freq. = frequency, SWS = slow-wave sleep, REM = rapid eye
movement sleep.
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Stimuli

A set of 80 nouns and their corresponding images were created. All words were

concrete and neutral (e.g. ‘desk’ and ‘horse’). Given that participants were asked to make a

judgement about the size of each object (see below), highly familiar and easily

imaginable words were chosen. The order in which word-image pairs were presented was

fully randomised.

Procedure

The study comprised one single-blind experimental session and a delayed recall

session which occurred 24 hours later (24-hour recall session). The experimental session

consisted of an encoding phase, a 90-minute retention interval in which participants slept in

the sleep laboratory, and an immediate (90-minute) recall session (see Figure 1). At the

beginning of the experimental session, participants were set up for polysomnography (PSG)

recording and tACS. Following this, demographic information was recorded, and participants

completed the Stanford Sleepiness Scale (Hoddes, Zarcone, Smythe, Phillips, & Dement,

1973) which is a standard measure of subjective alertness. Participants were informed that

their memory performance would be tested during the recall sessions.

Figure 1. Procedure of the study.

The behavioural task began 5 minutes after the onset of tACS in order to allow the

stimulation to become effective. During encoding, participants were sequentially presented

with 80 word-image pairs. Participants were first asked to judge, as quickly and as accurately

as possible, whether each object would fit inside a conventional shoebox, and then they

memorised each object for later free recall. The timeline for the encoding phase of one

stimulus is displayed in Figure 2. The size judgement task was designed to ensure that

participants’ attention was maintained for the primary task of memorisation.
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Figure 2. Timeline of encoding phase. A question mark was first presented below each word-image

pair to indicate that participants should quickly and accurately respond to the size of the object using a

key-press with their right hand. After participants had made their size judgement, the question mark

was replaced with a small cross indicating a memorisation period. Participants were exposed to each

word-image pair for 3 seconds in total. The inter-stimulus interval was indicated by a large, central

fixation cross which was presented for 1 second.

After the encoding phase, there was a 90-minute retention interval in which

participants slept in the sleep laboratory. Whilst participants were asleep, their PSG recording

was monitored online in order to identify different sleep stages, and they received tACS

according to the stimulation condition to which they had been randomly assigned.

Immediately after waking and 24 hours later, participants performed a recall session in which

they had 7 minutes to freely recall as many objects as possible. Participants were not given

any feedback on their performance.

All stimuli were displayed on a 17-inch monitor with 60 Hz refresh rate. Stimulus

presentation and response recording was conducted on a PC computer running MATLAB

(v2013b; MathWorks Company, Natick, MA) and the Psychophysics Toolbox (v3; Brainard,

1997). Participants were seated comfortably, approximately 50 cm from the computer.

Transcranial alternating current stimulation (tACS)

tACS was administered by two saline-soaked surface sponge electrodes using a

NeuroConn Brain Stimulator (NeuroConn, Germany). One of the electrodes (3 × 3 cm2) was

positioned over the left DLPFC (F3 according to the 10-20 international system for EEG

electrode placement; Herwig, Satrapi, & Schönfeldt-Lecuona, 2003; Homan, Herman, &

Purdy, 1987). The left DLPFC was targeted for stimulation because previous research has
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shown that not only is declarative memory performance associated with activity in this

region, but also declarative memory performance is modulated by electrical brain stimulation

to this region (Blumenfeld & Ranganath, 2007; Cabeza & Nyberg, 2000; Javadi & Cheng,

2013; Javadi & Walsh, 2012; Manenti, Brambilla, Petesi, Ferrari, & Cotelli, 2013). The

reference electrode (5 × 5 cm2) was positioned on the right wrist.

During encoding, all participants received 11 minutes of tACS administered at 60 Hz.

Stimulation during sleep consisted of two, two-minute episodes of tACS administered at

either 60 Hz or 90 Hz depending on the stimulation condition to which the participant had

been randomly assigned. Sham stimulation sessions during sleep consisted of no stimulation.

See Table 1 for a summary of stimulation conditions. During both encoding and sleep, tACS

was administered with 1.5 mA peak-to-peak amplitude and 1-second fade in/out.

tACS was administered using two gamma frequencies (60 Hz and 90 Hz) because

neural oscillations in different frequency bands have different roles in memory function (for

reviews, see Başar, Başar-Eroglu, Karakaş, & Schürmann, 2001; Düzel, Penny, & Burgess, 

2010; Lisman, 2010). Therefore, in order to investigate oscillatory reinstatement without the

confounding effect of administering tACS in different frequency bands, the current study

used different frequencies from the same band. Importantly, the gamma band has a wide

enough frequency range (+30 Hz) in order for two frequencies (e.g. 60 Hz and 90 Hz) to be

selected that are sufficiently distinct from each other, such that administering tACS at one

frequency will have a minimal effect at the other frequency.

Polysomnography (PSG)

Sleep was recorded by standard PSG (Rechtschaffen & Kales, 1968) using a 32-

channel, eego sports system (ANT Neuro, Germany). Electroencephalography (EEG) was

recorded from twenty-nine scalp electrodes which were positioned using the 10-20

international system for EEG electrode placement (Herwig et al., 2003; Homan et al., 1987).

Electrode F3 was not recorded due to tACS electrode placement.

In order to ascertain the accuracy of tACS administration according to stimulation

conditions and to extract sleep parameters (e.g. duration of SWS and REM sleep), the PSG

data recorded during sleep were reanalysed after the experimental session. EEG signals were

band-pass filtered between 0.5-30 Hz and downsampled to 128 Hz, montaged based on

average activity. Sleep duration data were obtained by scoring 20-second epochs of PSG

recordings offline into wake, non-REM stage 1, non-REM stage 2, non-REM stage 3 (SWS),



MODULATION OF DECLARATIVE MEMORY CONSOLIDATION 13

and REM sleep, according to the AASM scoring manual v2.2 (Berry et al., 2016). Offline

sleep scoring was performed using the sleepSMG package (http://sleepsmg.sourceforge.net)

for MATLAB. Epochs during the stimulation were marked as unknown.

Statistical data analysis

To assess the effect of tACS administered during encoding and sleep on post-sleep

declarative memory performance, a 2 × 4 mixed analysis of variance (ANOVA) was

conducted. Recall session (90-minute recall session and 24-hour recall session) was the

within-participants factor, and stimulation condition (congruent-SWS, incongruent-SWS,

congruent-REM, and sham) was the between-participants factor. The dependent variable was

the number of words correctly recalled. A similar ANOVA was conducted with the number

of words falsely recalled as the dependent variable. Five separated one-way ANOVAs were

conducted with stimulation condition as the between-participants factor, and sleep parameters

(durations of total sleep, Stage 1, Stage 2, SWS, and REM sleep) as the dependent variables.

Post-hoc two independent sample t-tests were used to investigate differences in memory

recall between stimulation conditions. Partial-eta squared is the effect size reported for

ANOVA.

To investigate whether relationships exist between the durations of specific sleep

stages and the extent of sleep-dependent declarative memory consolidation in each

stimulation condition, correlational analyses were conducted between time spent in each

sleep stage and correct memory recall during the 90-minute and 24-hour recall sessions.

Correlations were calculated using Spearman’s rho correlations. All statistical analyses on the

data were conducted using SPSS (v21; IBM Lead Technologies, Inc.).

Results

This study investigated whether oscillatory reinstatement enhances sleep-dependent

declarative memory consolidation, by assessing declarative memory performance during two

recall sessions which occurred after tACS had been administered to participants’ left DLPFC

at either the same or different gamma frequency during encoding and sleep. The ANOVA

analysing number of words correctly recalled between stimulation conditions and recall

sessions revealed a significant main effect of recall session (F(1, 78) = 63.79, p <.001, ηp
2 =

.45), a significant main effect of stimulation condition (F(3, 78) = 4.03, p = .01, ηp
2 = .13),
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and no significant interaction effect (F(3, 78) = 1.36, p = .26, ηp
2 = .05). Post-hoc two

independent sample t-tests were conducted to compare memory recall between stimulation

conditions. In line with the initial hypotheses, post-hoc t-tests revealed that during both the

90-minute and 24-hour recall sessions, participants in the congruent-SWS stimulation

condition correctly recalled significantly more words than participants in any other

stimulation condition (incongruent-SWS, congruent-REM, and sham; see Table 2). Hence,

oscillatory reinstatement during SWS facilitated sleep-dependent declarative memory

consolidation, and thus enhanced post-sleep declarative memory performance for participants

in this stimulation condition. Notably, although learning performance during training was not

assessed, it can be assumed from the large sample size that baseline memory performance

was comparable between groups before sleep.

The ANOVA analysing number of words falsely recalled showed no significant

effects (ps > .09). A summary of the descriptive data for memory recall according to

stimulation condition and recall session is displayed in Table 3 and Figure 3. The five

separate ANOVAs analysing sleep parameters showed no significant differences between

stimulation groups (ps > .10).

Table 2. Summary of post-hoc two independent sample t tests for number of words correctly

recalled between stimulation conditions.

Comparison p

Congruent-SWS vs. Incongruent-SWS .002*

Congruent-SWS vs. Congruent-REM .025*

Congruent-SWS vs. Sham .007*

note: * p < .05
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Table 3. Mean and standard deviation of words correctly and falsely recalled during the 90-

minute recall session and the 24-hour recall session for participants in each stimulation

condition.

Recall Session Condition Correct Recall False Recall

90-minute Congruent-SWS 26.60 [5.63] 1.40 [1.43]

Incongruent-SWS 20.53 [7.32] 2.29 [2.11]

Congruent REM 22.78 [6.51] 1.56 [1.79]

Sham 22.48 [6.42] 1.85 [1.70]

24-hour Congruent-SWS 24.25 [7.73] 1.95 [2.01]

Incongruent-SWS 16.71 [6.93] 2.24 [2.28]

Congruent REM 18.44 [7.45] 1.11 [1.45]

Sham 17.67 [6.84] 1.37 [1.36]

Figure 3. Mean number of words correctly recalled during the 90-minute recall session and the

24-hour recall session for participants in each stimulation condition. Error bars represent one

standard error.

This study also investigated whether the durations of specific sleep stages correlate

with the extent of sleep-dependent declarative memory consolidation in each stimulation

condition. Spearman’s rho correlations revealed that for each stimulation condition, there

were no significant correlations of interest. See Table 4 for the average time spent in each

sleep stage for each stimulation condition. note: p > 0.07 for all comparisons between

stimulation conditions and sleep parameters



MODULATION OF DECLARATIVE MEMORY CONSOLIDATION 16

Table 5 displays a summary of all correlations between time spent in each sleep stage and

correct memory recall during the 90-minute recall session and the 24-hour recall session.

Table 4. Average time spent in each sleep stage for each stimulation condition. Time is reported

in minutes (mean [SD]).

Condition Sleep Stage 1 Stage 2 SWS REM

Congruent-SWS 72.75 [15.14] 10.73 [6.47] 26.40 [9.17] 26.07 [13.08] 5.55 [7.30]

Incongruent-SWS 73.27 [11.66] 13.78 [7.34] 25.31 [9.19] 25.06 [13.70] 5.35 [7.69]

Congruent REM 72.83 [11.99] 14.50 [7.23] 29.74 [7.82] 15.24 [12.67] 9.63 [7.88]

Sham 69.27 [17.62] 15.88 [11.34] 27.02 [11.64] 15.73 [13.18] 5.64 [7.64]

note: p > 0.07 for all comparisons between stimulation conditions and sleep parameters

Table 5. Correlations between time spent in each sleep stage and correct memory recall during

the 90-minute recall session and the 24-hour recall session.

Total Sleep Stage 1 Stage 2 SWS REM

Condition r p r p r p r p r p

90-minute

Congruent-SWS 0.14 0.56 0.32 0.17 0.09 0.72 -0.23 0.33 0.39 0.09

Incongruent-SWS -0.07 0.78 -0.48 0.05† 0.18 0.49 0.02 0.93 0.4 0.11

Congruent REM 0.62 0.01* -0.48 0.05† 0.23 0.36 0.47 0.05† 0.33 0.18

Sham 0.13 0.52 0.10 0.64 0.08 0.69 0.23 0.24 -0.24 0.24

24-hour

Congruent-SWS 0.01 0.97 0.39 0.09 -0.01 0.97 -0.44 0.05† 0.36 0.12

Incongruent-SWS -0.02 0.94 -0.44 0.05† 0.26 0.31 0.04 0.88 0.33 0.19

Congruent REM 0.43 0.08 -0.42 0.08 0.37 0.13 0.32 0.19 0.23 0.36

Sham 0.04 0.83 0.15 0.46 0.08 0.68 0.09 0.66 -0.29 0.14

note: * p < 0.05, † p = 0.05

Discussion

To investigate whether oscillatory reinstatement facilitates the engram reactivation

that underlies sleep-dependent memory consolidation, the current study assessed participants’
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declarative memory performance after they had received tACS during encoding and post-

learning sleep. The results found that administering tACS to the left DLPFC has a

modulatory effect on subsequent post-sleep declarative memory performance, and this effect

was specific to the stimulation frequency and sleep stage in which tACS was administered.

With regards to frequency specificity, memory recall was greater during immediate and

delayed recall sessions if participants had been administered with the same frequency of

stimulation during encoding and sleep, compared to if they had been administered with

different frequencies or sham stimulation. Crucially, to the best of our knowledge, no study

has demonstrated a functional difference between gamma frequencies (e.g. 60 Hz and 90 Hz)

in relation to memory mechanisms or brain stimulation (see Düzel et al., 2010). Therefore, it

is unlikely that this result was caused by a general effect of administering tACS during SWS

at 60 Hz rather than 90 Hz. With regards to sleep stage specificity, the results found that for

participants who received congruent stimulation during encoding and sleep, memory recall

was greater if SWS was the sleep stage that had been targeted compared to if REM sleep had

been targeted. However, the durations of specific sleep stages did not correlate with post-

sleep declarative memory performance, and there were no significant differences in sleep

parameters between stimulation conditions. Notably, in line with a robust finding in the

memory literature that memory recall decreases as the duration of a retention interval

increases (Altmann & Gray, 2002; Brown, 1958; Keppel & Underwood, 1962; Peterson &

Peterson, 1959; Ricker & Cowan, 2010; for a review of the time-related decay vs.

interference-based forgetting debate, see Jonides et al., 2008), the results also found that

memory recall was greater during the immediate recall session compared to the delayed recall

session.

Previous research found evidence to support SCERT’s prediction that since

frequency-specific oscillatory activity coordinates PS and CFC, which are neural mechanisms

that contribute to engram reactivation, memory recall will be enhanced when the same

frequency of neural oscillations that occurred during encoding is reinstated during retrieval

(Javadi et al., 2017; Watrous & Ekstrom, 2014). Additionally, evidence supports the

assumption of the active system consolidation hypothesis that engram reactivation has a

fundamental role in the redistribution process that underlies sleep-dependent memory

consolidation (Marshall & Born, 2007; Peigneux et al., 2004; Rasch et al., 2007). Therefore,

the current finding that declarative memory performance is enhanced following the

reinstatement of frequency-specific oscillatory activity between encoding and post-learning
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SWS has integrated and furthered these previous lines of research. More specifically, this

finding demonstrates that by experimentally inducing oscillatory reinstatement, it is possible

to facilitate the engram reactivation that underlies sleep-dependent memory consolidation as

well as the engram reactivation that underlies memory retrieval. Moreover, the current

finding is in line with ample research suggesting that SWS, rather than REM sleep, is

responsible for declarative memory consolidation (Maquet, 2001; Pilhal & Born, 1997, 1999;

Rasch et al., 2007).

Importantly, these results have considerable implications for the advancement of

theories within the sleep-dependent memory consolidation literature. If sleep-dependent

declarative memory consolidation can be modulated by experimentally-induced oscillatory

reinstatement, it seems that typical sleep-dependent declarative memory consolidation must

be dependent on an intrinsic neurobiological mechanism for oscillatory reinstatement. In fact,

this suggestion builds on the assumptions and supporting evidence of SCERT, which have

already recognised the importance of an intrinsic mechanism for oscillatory reinstatement

during memory retrieval. In contrast, whereas ample research has implicated various roles for

specific frequencies of neural oscillations in sleep-dependent memory consolidation

(Buzsáki, 1998; Ladenbauer et al., 2017; Marshall, Helgadóttir, Mölle, & Born, 2006;

Marshall, Kirov, Brade, Mölle, & Born, 2011; Nitsche et al., 2010; for review, see Barham,

Enticott, Conduit, & Lum, 2016; Rasch & Born, 2013), no theory of memory consolidation

has, as yet, delineated a role for oscillatory reinstatement specifically. Consequently, the

current results provide causal evidence in support of a novel theoretical proposal, which

assumes that sleep-dependent declarative memory consolidation is underpinned by an

intrinsic neurobiological mechanism that coordinates oscillatory activity, during SWS,

according to activity that occurred during encoding.

Although it is proposed that an intrinsic neurobiological mechanism for oscillatory

reinstatement has a fundamental role in typical sleep-dependent declarative memory

consolidation, the neural correlate of this mechanism remains unclear. On the one hand, the

current modulatory effect of oscillatory reinstatement was found after administering tACS to

the left DLPFC - a brain region that has previously been implicated in declarative memory

consolidation (Blumenfeld & Ranganath, 2007; Cabeza & Nyberg, 2000; Javadi & Cheng,

2013). Therefore, it seems plausible that the left DLPFC would also be the locus of intrinsic

frequency-specific oscillatory activity during sleep-dependent declarative memory

consolidation. Moreover, this brain region is highly connected with cortical and subcortical
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structures, and it has multiple feedforward projections for neurotransmission (Petrides &

Pandya, 1999; Ray & Zald, 2012). Hence, the DLPFC also has structural connectivity that

would support the distribution of frequency-specific oscillatory activity to multiple brain

regions. On the other hand, however, it is important to note that electrical brain stimulation is

relatively diffuse, such that brain regions adjacent to a target site are often stimulated

(Bikson, Rahman, & Datta, 2012). Consequently, perhaps the current finding actually

occurred because the intrinsic mechanism for oscillatory reinstatement is located in a brain

region which is spatially proximal to the left DLPFC, and thus was also stimulated by tACS

administered to the left DLPFC. Therefore, in order to locate the neural correlate of this

intrinsic mechanism more precisely, future research should administer experimentally-

induced oscillatory reinstatement to various scalp locations, and assess the location

specificity of any subsequent modulation to sleep-dependent declarative memory

consolidation.

Alternatively, it is possible that even if the current finding was caused by stimulation

of the left DLPFC specifically, rather than of adjacent brain regions, the left DLPFC may still

not be the locus of intrinsic oscillatory activity during sleep-dependent declarative memory

consolidation. The reason for this suggestion is that the hippocampus is one of the cortical

structures that has ample structural connections, both directly and indirectly, with the DLPFC

(Ding, 2013; Goldman-Rakic, Selemon, & Schwartz, 1984; Schott et al., 2011). Importantly,

the hippocampus is a suitable candidate for the neural correlate of an intrinsic oscillatory

reinstatement mechanism, because this region is consistently implicated in processing the

spatiotemporal contexts of stimuli (for reviews, see Burgess, Maguire, & O’Keefe, 2002;

Eichenbaum, 2004; Nadel & Moscovitch, 1997; Teyler & DiScenna, 1985; Teyler & Rudy,

2007). Consequently, it seems likely that the hippocampus would have a role in coordinating

the frequency-specific oscillatory activity that constitutes the implicit neural contexts of

stimuli. In fact, this suggestion is particularly feasible in light of findings that hippocampal

regions encode spatial and temporal information in a frequency-specific manner (Watrous,

Tandon, Connor, Pieters, & Ekstrom, 2013). Perhaps, therefore, sleep-dependent declarative

memory consolidation was modulated by stimulation of the left DLPFC in the current study,

because a hippocampally-mediated mechanism for intrinsic oscillatory reinstatement was

stimulated as a result of the structural connections between the left DLPFC and the

hippocampus. Notably, this proposal is in line with SCERT which posits that the

hippocampus has the necessary structural organisation and circuity to induce oscillatory
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reinstatement intrinsically during memory retrieval (Watrous & Ekstrom, 2014). Future

research should employ deep brain stimulation techniques to further determine whether

intrinsic frequency-specific oscillatory activity originates in the hippocampus during sleep-

dependent declarative memory consolidation (see Fell et al., 2013).

Despite this, it could also be argued that the current finding is a result of functional,

rather than structural connections, with the left DLPFC. Ample evidence demonstrates that

the DLPFC forms a functional network with the ventrolateral prefrontal cortex (VLPFC),

whereby the left VLPFC is responsible for declarative memory encoding and the left DLPFC

is responsible for subsequent organisation and retrieval processes (Blumenfeld, Lee, &

D’Esposito, 2014; Galli, Feurra, Pavone, Sirota, & Rossi, 2017; Medvedeva et al., 2018; for

reviews, see Blumenfeld & Ranganath, 2007; Fletcher & Henson, 2001; Nyhus & Badre,

2015). Notably, the VLPFC and the DLPFC are thought to coordinate their activity via neural

oscillations (Nyhus & Badre, 2015). Therefore, since the left VLPFC is responsible for

encoding, it could be that intrinsic frequency-specific oscillatory activity is generated in this

region before it is subsequently projected to the left DLPFC, during SWS, to facilitate

consolidation. In this case, the current finding may have occurred because, by administering a

congruent frequency of stimulation during encoding and SWS, the stimulation protocol

facilitated oscillatory activity that was being intrinsically projected from the left VLPFC to

the left DLPFC. Henceforth, although sleep-dependent declarative memory consolidation can

be modulated by experimentally-induced oscillatory reinstatement in the left DLPFC, the left

VLPFC may be the brain region in which intrinsic frequency-specific oscillatory activity

originates. If future research were to inhibit projections from the left VLPFC during sleep-

dependent declarative memory consolidation, it may be possible to determine whether this

brain region is the neural correlate of an intrinsic oscillatory reinstatement mechanism.

Further to this, the implications of the current results include practical contributions,

as well as theoretical contributions, to the literature. This claim is based on the finding that

participants, who received congruent stimulation during encoding and SWS, demonstrated a

declarative memory enhancement that was maintained after an additional night of sleep.

Theoretically, this finding indicates that the faciliatory effect of experimentally-induced

oscillatory reinstatement on sleep-dependent declarative memory consolidation is additive,

such that further overnight processing cannot mediate the enhancement. Notably, this

opposes previous research which asserted that sleep intervention-related memory

enhancements are short-term, because control participants demonstrate delayed consolidation
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effects after additional sleep, which attenuate differences in memory performance between

control and experimental conditions (Shimizu et al., 2018). Henceforth, the persistence of the

current declarative memory enhancement highlights the importance of oscillatory

reinstatement for sleep-dependent declarative memory consolidation. In terms of practical

contributions, this finding suggests that non-invasive brain stimulation protocols could be

used in therapeutic settings to elicit memory enhancements that are long-term. For example,

mild cognitive impairment (MCI) is a non-degenerative condition characterised by impaired

memory, language, and sleep physiology (Petersen et al., 2014; Roark, Mitchell, Hosom,

Hollingshead, & Kaye, 2011; Westerberg et al., 2012). Therefore, if MCI patients were

administered with experimentally-induced oscillatory reinstatement during encoding and

SWS, it might be possible to elicit additive, long-term enhancements in their declarative

memory which is critical for everyday living, but which is disrupted by the condition (see

Ladenbauer et al., 2017).

Notably, although the current results support the assumption that declarative memory

consolidation relies on SWS more than REM sleep, it is important to note that the occurrence

of REM sleep may still have been necessary for these results. The sequential hypothesis of

sleep-dependent memory consolidation assumes that memory consolidation relies on the

cyclic succession of SWS and REM sleep because, following destabilisation during

reactivation in SWS, engrams must be reconsolidated during REM sleep (Gais, Pilhal,

Wagner, & Born, 2000; Mednick, Nakayama, & Stickgold, 2003; for reviews, see Ambrosini

& Giuditta, 2001; Diekelmann & Born, 2010; Giuditta et al., 1995). In line with this, studies

using TMR to reinstate contextual cues between encoding and SWS, found that post-sleep

memory performance for cued stimuli correlated positively with REM sleep duration

(Cousins et al., 2016; Tamminen et al., 2017). Hence, increased engram reactivation (and

thus destabilisation) during SWS was more able to facilitate post-sleep memory performance

when it was succeeded by increased reconsolidation during REM sleep. Importantly,

although post-sleep declarative memory performance did not correlate with REM sleep

duration in the current study, this result may simply have been caused by the methodology.

The reason being that whereas previous studies re-presented contextual cues during sleep that

do not affect sleep architecture, such as odours (Carskadon & Herz, 2004), the current study

administered electrical brain stimulation which is known to alter sleep parameters (Frase et

al., 2016; Marshall et al., 2011; for review, see Rivera-Urbina, Nitsche, & Molero-Chamizo,

2016). Moreover, since the current study employed a nap paradigm rather than an overnight
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paradigm, there was a limited duration of sleep in which sleep parameters could actually be

assessed (Ackermann & Rasch, 2014; Hobson & Pace-Schott, 2002), Consequently, the

current lack of sleep parameter correlations is unsurprising, and does not oppose a role for

both SWS and REM sleep in declarative memory consolidation.

A potential criticism of the current study relates to the fact that neural activation

following electrical brain stimulation was not monitored using a neuroimaging technique that

provides volumetric images of brain activity. Consequently, the current study was unable to

obtain neural evidence supporting the central premise of the current conclusion; that

oscillatory reinstatement facilitates engram reactivation during sleep-dependent declarative

memory consolidation. Notably, previous studies (e.g. Cousins et al., 2016; Rasch et al.,

2007) used functional magnetic resonance imaging (fMRI) to confirm the occurrence of

engram reactivation after reinstating explicit environmental contexts between encoding and

SWS. Therefore, future research should use fMRI to strengthen the current conclusions by

providing neural evidence demonstrating that engram reactivation is elicited by oscillatory

reinstatement during SWS. Alternatively, future research could strengthen the current

conclusions by investigating correlations between declarative memory performance

following oscillatory reinstatement and sleep spindle activity. Importantly, sleep spindles are

considered to be markers of engram reactivation during sleep-dependent memory

consolidation, because they are temporally correlated with oscillatory events in both the

hippocampus (sharp wave ripples) and the neocortex (slow oscillations; Antony et al., 2018;

Helfrich, Mander, Jagust, Knight, & Walker, 2018; Mölle, Marshall, Gais, & Born, 2002;

Staresina et al., 2015; for reviews, see Diekelmann, & Born, 2010; O’Neill et al., 2010;

Rasch & Born, 2013). Hence, if oscillatory reinstatement enhances sleep-dependent

declarative memory consolidation by facilitating engram reactivation, number of sleep

spindles following oscillatory reinstatement might be expected to correlate positively with

post-sleep declarative memory performance (see also Ladenbauer et al., 2016; Paßmann et

al., 2016). Notably, the current study did not assess sleep parameters, such as spindle activity

or slow-wave activity, following brain stimulation because the experimental design meant

that stimulation was sometimes administered at the end of the sleep period. In contrast, an

overnight study would allow for investigating effects of brain stimulation on sleep parameters

in subsequent sleep cycles.

Future research should explore the scope of the role of oscillatory reinstatement in

sleep-dependent memory consolidation, and the following two lines of research are
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recommended in order to pursue this objective. Firstly, the robustness of the current findings

should be established in terms of stimulation frequency and task modality. With regards to

stimulation frequency, it has been shown that although neural oscillations in both the gamma

and theta frequency bands are implicated in memory processing, the two frequency bands

have different functional roles (Osipova et al., 2006; Sederberg, Kahana, Howard, Donner, &

Madsen, 2003; von Stein & Sarnthein, 2000; for reviews, see Başar et al., 2001; Düzel, et al., 

2010; Hanslmayr & Staudigl, 2014; Nyhus & Curran, 2010). Therefore, it would be useful to

determine whether experimentally-induced oscillatory reinstatement during SWS can still

enhance post-sleep declarative memory performance when theta frequencies are stimulated

instead of gamma frequencies. Additionally, future research could explore the strength of the

current oscillatory reinstatement effect by administering tACS in frequency bands that are yet

to be strongly implicated in memory mechanisms.

With regards to task modality, there is evidence suggesting that the modulatory effect

of oscillatory reinstatement on memory retrieval is influenced by task modality at encoding

and retrieval (Staudigl & Hanslmayr, 2018). In Staudigl and Hanslmayr’s (2018) study,

participants learned visually- or auditorily-presented words, and performed a subsequent

recognition task in which the cue words were presented visually or auditorily. The results

found that if task modalities were congruent between encoding and retrieval, oscillatory

reinstatement between encoding and retrieval enhanced memory performance, whereas

oscillatory reinstatement impaired memory performance if task modalities were incongruent.

Therefore, future research should investigate whether the modulatory effect of oscillatory

reinstatement on sleep-dependent memory consolidation is also influenced by task modality.

These results would have implications for the extent to which the current stimulation protocol

could be used to elicit declarative memory enhancements in real-life settings where task

modalities are less easily controlled.

Secondly, future research should extend the current findings by assessing the role of

oscillatory reinstatement in the sleep-dependent consolidation of non-declarative memories.

On the one hand, if the hippocampus is found to be the neural correlate of an intrinsic

mechanism for oscillatory reinstatement, experimentally-induced oscillatory reinstatement

might be unable to enhance post-sleep non-declarative memory performance because these

memories are consolidated independently of the hippocampus (for reviews, see Cabeza &

Moscovitch, 2013; Squire, 1992; Squire & Zola, 1996; see also Barham et al., 2016). On the

other hand, since REM sleep, rather than SWS, is responsible for non-declarative memory
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consolidation, there could be a different intrinsic mechanism for coordinating oscillatory

activity during REM sleep. Therefore, perhaps, experimentally-induced oscillatory

reinstatement would be able to enhance non-declarative memory consolidation if this

mechanism were stimulated during REM sleep. Despite this, if future research were to

demonstrate enhanced post-sleep non-declarative memory performance following

experimentally-induced oscillatory reinstatement during REM sleep, this finding would not

necessarily support the current conclusion that increased engram reactivation underlies this

effect. The reason being that non-declarative memory consolidation depends on synaptic

plasticity which is supported by molecular and electrophysiological events during REM sleep

(for review, see Diekelmann & Born, 2010). Crucially, synaptic plasticity is facilitated by the

neural mechanisms – PS and CFC – which also facilitate engram reactivation, and which are

coordinated by frequency-specific oscillatory activity (for reviews, see Canolty & Knight,

2010; Fell & Axmacher, 2011; Jutras and Buffalo, 2010). Therefore, the potential effect of

experimentally-induced oscillatory reinstatement during REM sleep on post-sleep non-

declarative memory performance could be caused by either increased synaptic plasticity or

increased engram reactivation. Henceforth, future research should also distinguish between

these interpretations.

To conclude, the current study revealed that by using electrical brain stimulation to

reinstate the same frequency of neural oscillations between encoding and slow-wave sleep,

post-sleep declarative memory performance can be enhanced. This finding furthers SCERT

by demonstrating that oscillatory reinstatement facilitates the engram reactivation that

underlies sleep-dependent memory consolidation, as well as that which underlies memory

retrieval. Moreover, this finding provides support for a novel theoretical proposal, which

assumes that an intrinsic neurobiological mechanism for coordinating frequency-specific

oscillatory activity, during SWS, underlies sleep-dependent declarative memory

consolidation. Although the current study did not identify the neural correlate of this intrinsic

mechanism, several candidate brain regions have been considered, along with

recommendations for future studies to investigate these suggestions. Additionally, several

directions for future research have been proposed which would not only strengthen support

for the current conclusions, but would also assess the scope of the role of oscillatory

reinstatement in sleep-dependent memory consolidation more generally. Finally, the current

study has succeeded in introducing a novel non-invasive brain stimulation protocol, which

has the potential to be used therapeutically for enhancing declarative memory performance in
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patient populations. Henceforth, the current findings indicate that the memory literature

would benefit from directing more emphasis towards the importance of oscillatory

reinstatement in memory function.
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