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ABSTRACT 

 

AGE-RELATED CHANGES IN SLEEP-DEPENDENT 

CONSOLIDATION OF VISUO-SPATIAL MEMORY 

SEPTEMBER 2014 

AKSHATA SONNI, B.S., UNIVERSITY OF 

MASSACHUSETTS AMHERST 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 

Directed by: Rebecca M.C. Spencer, Ph.D. 

 

Healthy aging is associated with a reduction in slow-wave sleep (SWS), crucial for 

declarative memory consolidation in young adults; consequently, previously observed benefits of 

sleep on declarative learning in older adults could reflect a passive role of sleep in protecting 

memories from waking interference, rather than an active, stabilizing effect. To dissociate the 

passive and active roles of sleep, a visuo-spatial task was administered; memory was probed 

after a 12 hr interval consisting of either daytime wake or overnight sleep and post-wake/post- 

sleep stability of the memories was tested following task-related interference. Ninety five older 

adults (mean=65.43 yrs; SD=7.6 yrs) and 137 young adults (mean= 21.22yrs; SD=2.62 yrs) were 

tested across either an “Interference” or a “No Interference” condition (without exposure to the 

interference). In both young and older adults, sleep significantly benefitted performance 

compared to wake, such that the memories were more resistant to subsequent interference. For 

young adults, post-sleep performance was correlated with time spent in SWS and delta power 

density during SWS early in the night. Additionally, the interaction between NREM and REM 

early in the night played an important role in stabilizing the memories. There were no significant 

correlations between sleep parameters and over-sleep performance changes in older adults; 
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however, high performing older adults benefitted from greater amounts of REM sleep early in 

the night, and from the interaction between NREM and REM during this time period. These 

results suggest that the active role of sleep in declarative memory consolidation persists in an 

aging population. 
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CHAPTER I 

INTRODUCTION 

Sleep is a period of physical inactivity and a state of mental quiescence, serving as a 

physiological state that is crucial for rest, healing and growth. Over the years however, animal 

and human researchers have gathered evidence to show that the function of sleep is more 

complex, and is extended to learning and memory (Spencer, 2013). For instance, studies in 

rodents have shown that sleep deprivation is detrimental to performance on tasks such as the 

Morris Water Maze task and in contextual fear conditioning (Dorokhov et al., 2011; Yang et al., 

2011; Hagewoud et al., 2011). Similarly in humans, sleep deprivation has been linked to 

diminished motor skills and learning abilities across a range of cognitive tasks (Holland, 1968; 

Kilgore, 2010). The observation that sleep is beneficial to memory in humans came from the 

seminal work by Jenkins and Dallenbach in 1924, which demonstrated less forgetting over a 

period of sleep compared to wake. However, it was not until decades later that researchers began 

systematically studying the role of sleep in memory consolidation across the various memory 

domains by means of behavioral, molecular, electrophysiological and neuroimaging techniques. 

Memory consolidation refers to the process by which newly acquired memories are 

strengthened, stabilized and committed to long-term neocortical stores (Walker and Stickgold, 

2006). Although these steps in memory processing occur while awake, it has increasingly been 

demonstrated that memory consolidation occurs maximally over sleep. Most of the work related 

to sleep-dependent memory consolidation in humans has been conducted in young adult samples, 

where performance on a memory task is tested following an interval of sleep compared an 

equivalent interval spent awake (Walker and Stickgold, 2006; Diekelmann and Born, 2010). 

These studies have provided strong support for the notion that memories are actively 
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consolidated over sleep. However, sleep, much like other physiological processes, undergoes 

radical changes with age; concurrent with these changes in sleep, is a decline in cognitive 

abilities, specifically with relation to episodic memory (Ronnlund et al., 2005). An emerging 

question, therefore, is whether sleep-dependent memory consolidation is preserved in older 

adults. To answer this, a few studies have compared post-sleep and post-wake performance in 

older adults; collectively they have demonstrated a role of sleep in memory consolidation in 

older adults that is task-dependent. Specifically, although non-declarative memories do not 

appear to be benefited by a period of sleep any more so than a period of wake, the benefit of 

sleep on declarative memory seems to persist with age (Wilson et al., 2012). The current study’s 

goal is to examine whether the mechanism of this benefit of sleep in older adults is similar to that 

observed in young adults, and if not, whether it is attributable to specific changes in sleep 

architecture. 

Sleep States and Physiology 
 

Sleep is a heterogenous process that is characterized by distinct neurobiological states 

known as sleep stages. Aserinsky and Kleitman (1955) were the first to make the distinction 

between non-rapid eye movement (NREM) sleep and rapid eye movement (REM) sleep, one that 

marked a very important development in the study of sleep’s role in memory processing; it has 

since become evident that each stage of sleep is associated with the activation of different brain 

structures with varying functional connectivity (Wagner et al., 2010), changing metabolic 

activity (Madsen et al., 1991; Cirelli and Tononi, 2011), and consequently, differential 

involvement in memory consolidation (Walker and Stickgold, 2006, Spencer, 2013). 

Sleep onset is typically characterized by the transition from waking state to NREM Stage 

 

1 (N1), defined by the appearance of theta waves (4-7 Hz; Iber et al., 2007). N1 is then followed 
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by NREM Stage 2 (N2) that is marked by K-complexes and sleep spindles that occur 

intermittently across the background theta activity, and both of which play an important role in 

sleep maintenance (Urakami, Ioannides and Kostopoulos, 2012 ;Nicholas, Trinder and Colrain, 

2002). K-complexes consist of a sharp negative peak followed by a positive peak, creating a 

waveform that lasts 0.5 - 1 s. Sleep spindles are short bursts (approximately 0.5 s) of high 

frequency thalamocortical waves (11-16 Hz). The next stage in the progression into deeper sleep 

states is NREM Stage 3 (N3), also known as slow-wave sleep (SWS) as it is characterized by 

low frequency delta waves (0.5 – 4 Hz). Finally, REM sleep, named so due to the rapid ocular 

saccades associated with it, is also referred to as paradoxical sleep; this is owing to the fact that 

REM is characterized by EEG activity between 30 and 80 Hz, much like that of wake, but is also 

associated with muscle atonia (Iber et al., 2007). 

The adult brain typically alternates through these stages of sleep in a cyclic fashion; 

cycles in healthy adults are approximately 90 minutes in duration and consist of a progression 

from lighter to deeper NREM stages, and ending in a REM bout (Carskadon and Dement, 2011; 

Schulz, 1980). The relative distribution of each of the stages varies across the sleep cycles: 

Specifically, there is a greater percentage of SWS during the sleep cycles early in the night, 

while the percentage of REM sleep is greater in the sleep cycles later in the night (Carskadon and 

Dement, 2011). Figure 1A shows a typical night in a healthy young adult.  There are several 

underlying driving forces that are responsible for the observed distribution of SWS and REM 

across the night: SWS quantity and physiology is strongly driven by the homeostatic sleep drive 

(Borbély, 1981; Borbély, 1982). The greater the “sleep pressure” when entering into sleep state, 

the greater the amount of time spent in SWS, and greater the EEG spectral power of the delta 

waves associated with it. As sleep pressure declines over the course of the night, the length of the 
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SWS bouts and delta power of the slow-wave activity (SWA) reduce as well. REM sleep, on the 

other hand, is particularly sensitive to body temperature, such that REM sleep propensity 

increases with increasing body temperature (Czeisler et al., 1980). Consequently, REM bouts get 

longer as body temperature rises closer to sleep offset. In addition to the relative distribution of 

the different stages of sleep, cycle length also varies across the night (Carskadon and Dement, 

2011). The first sleep cycle length is typically between 70 and 100 minutes, while the second 

cycle tends to be longer with an average length of 90-120 minutes. 

The quantity and distribution of sleep stages, the length of sleep cycles as well as spectral 

characteristics of each sleep stage vary not only as a consequence of factors such as immune 

function, physical and mental fatigue (Spiegel, Lepoult and Cauter, 1999; Bryant, Trinder and 

Curtis, 2004), but also as a function of age (Pace-Schott and Spencer, 2011). While examining 

age-related changes in the role of sleep in memory consolidation, it is crucial to consider the 

arrangement of the different stages of sleep across the night in addition to the quantity and 

quality of these stages, since each of these characteristics of sleep architecture have a distinct 

role in memory consolidation in young adults. 

Cognitive Benefits of Sleep in Young Adults 
 

Sleep benefits learning and memory in young adults on a range of memory tasks, 

spanning non-declarative and declarative memory domains. The category of non-declarative 

memory encompasses skill learning, priming and conditioning (Squire, 2004); however, research 

in sleep-dependent memory consolidation has predominantly focused on skill learning. 

Researchers have used tasks that require swift reactions, with the assumption that successful 

learning is reflected by a reduction in reaction times as well as increases in accuracy. Using a 

motor sequence learning task, where participants are required to type a sequence of numbers as 
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quickly as they can, reaction times were found to be faster following an interval of sleep 

compared to wake, with a concurrent increase in accuracy, thus reflecting greater improvements 

in performance over sleep (Walker et al., 2002; Spencer et al., 2006). Similarly, visuo-motor skill 

was observed to be superior following overnight sleep relative to pre-sleep performance on a 

mirror tracing task (Tamaki et al., 2009), as well as on a pursuit rotor task (Fogel and Smith, 

2006). 
 

 

Declarative memories include semantic memories that are related to factual information 

and classified as “general knowledge,” as well as episodic memories that are associated with 

specific events in an individual’s past (Squire, 2004). The majority of studies that probe 

declarative memory employ episodic memory tasks that, in their simplest form, require recall of 

previously presented information. For instance in one such study, participants learned a list of 

word pairs and were asked to recall the correct associations following overnight sleep or after a 

day spent awake (Wilson et al., 2012). Memory for the word pairs was found to be superior 

following an interval of sleep compared to wake. Similarly, in another study, recall of stories and 

personal events was greater following an interval of sleep compared to wake (Aly and 

Moskovitch, 2010). Yet another declarative task, a spatial memory task, also yielded similar 

results across a number of studies (Rasch et al., 2007; Talamini et al., 2008; Rudoy et al., 2009). 

 

Therefore, there is sufficient evidence to support the notion that sleep in young adults 

plays a crucial role in the processing of memories, in all of their diverse forms. Owing to the 

diverse nature of sleep itself, it is consequently not surprising that the different stages of sleep 

contribute to the consolidation of memories across these memory domains to varying degrees. 
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The Mechanism of Sleep-Dependent Memory Consolidation: Animal Models and Young 

 

Adults 
 

 

Stemming from Jenkins and Dallenbach’s (1924) observation that memory is benefited by 

a period of sleep, and the distinction between NREM and REM sleep made by Aserinsky and 

Kleitman (1953), numerous studies have been conducted in order to understand the mechanism 

underlying the cognitive benefits of sleep, particularly the relative contributions of each sleep 

stage. Early research in this field had a specific eye toward the role of REM in learning and 

memory (Smith and Butler, 1982; Smith and Weeden, 1990; Smith and Wong, 1991). 

Accumulating evidence in animal models using selective sleep deprivation techniques suggested 

that REM is critical for non-declarative, but not for declarative learning (Smith, 1996; Smith and 

Rose, 1996; Smith and Rose, 1997). Similarly, in humans, time spent in REM sleep was found to 

be positively correlated with learning gains, specifically with relation to non-declarative tasks 

(Grieser, Greenberg and Harrison, 1972; Dotto, 1996). However, since this effect was not 

consistently demonstrated (Vertes and Siegel, 2000; Siegel, 2001) and the effect appeared to be 

dependent on the type of memory task used (Stickgold et al., 2001), researchers were prompted 

to consider the role of NREM sleep in memory consolidation as well. 

 

As mentioned previously, the percentage of SWS is greater early in the night and steadily 

declines as the night progresses (Borbély, 1981; Borbély, 1982); on the other hand, the 

percentage of REM increases in the second half of the night (Czeisler et al., 1980). Therefore, in 

order to dissociate the role of NREM, specifically SWS, and REM sleep on memory 

consolidation, Plihal and Born (1997) studied the effects of early and late night sleep on a non- 

declarative mirror tracing task and a declarative word-pair learning task using a split-night 

paradigm in young adults. They demonstrated that declarative memory was benefited by sleep 
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early in the night, while late night sleep benefited non-declarative memory; since sleep early in 

the night is rich in SWS and late night sleep in REM, the authors suggested that declarative 

memory consolidation was driven by SWS, whereas non-declarative memory consolidation was 

REM-dependent. 

It is now known that the neurobiology of SWS indeed presents an ideal mechanism for 

declarative memory consolidation. The process of memory consolidation involves the transfer of 

newly acquired memories to more stable cortical representations (Walker and Stickgold, 2006). 

Consequently, in the case of episodic memories that engage the hippocampus during initial 

acquisition (Tulving and Markowitsch, 1998), episodic memory consolidation involves a transfer 

of these hippocampal-dependent memory traces to neocortical locations, a process that is 

neurophysiologically supported by SWS (Buzsáki, 1996). During SWS, high-frequency 

oscillations (~200 Hz) known as “sharp-wave ripples” are observed within the hippocampus, and 

are temporally correlated with neocortical spindles (Siapas and Wilson, 1998). Furthermore, 

slow oscillations occurring across the cortex during SWS seem to orchestrate the synchrony 

between hippocampal ripples and neocortical spindles, thereby facilitating the hippocampal- 

neocortical dialogue necessary for declarative memory consolidation (Spencer, 2013). In fact, 

hippocampal ripples seem to selectively bias the occurrence of sleep spindles in specific 

neocortical areas associated with recently encoded information (Siapas and Wilson, 1998). Even 

more convincingly however, hippocampal “replay” of newly acquired memories has been 

observed in both animal models and in humans. Wilson and McNaughton (1994) recorded 

activity in the hippocampal place cells in rats during encoding as well as during post-training 

SWS, following exposure to a spatial navigation task. They found that the sequential firing of the 

hippocampal place cells during encoding was selectively replicated during post-training SWS. 
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Likewise in humans, using cerebral blood flow measurements, Peigneux and colleagues (2004) 

found that hippocampal areas that were activated during encoding of a spatial task were 

reactivated during post-training SWS, and importantly, greater reactivation was associated with 

greater performance gains. 

In addition to the contribution of SWS, a growing body of literature suggests that sleep 

spindle activity during N2 also plays a role in declarative memory consolidation (Fogel et al., 

2002; Walker, 2002). Using a word-pair learning task, Schabus and colleagues (2004) 

demonstrated a relationship between N2 sleep spindle activity and performance gains post-sleep. 

Furthermore, Gais and colleagues (2002) reported learning-dependent increases in N2 spindle 

activity following training on a declarative task compared to a non-learning condition, and this 

increase in spindle activity correlated with performance benefits on the task. Therefore, it is 

apparent that sleep-dependent consolidation of declarative memories is linked to physiological 

mechanisms occurring throughout NREM sleep. 

A notion that is gaining popularity is that NREM sleep does not act independently in the 

consolidation of declarative memories; the sequential contributions of NREM and REM stages 

are now being considered, with each stage serving different, but perhaps not independent, 

functions in the consolidation process (Giuditta, 1995; Diekelmann and Born, 2010; Spencer, 

2013). The synaptic homeostasis model, first described by Tononi and Cirelli (2003), states that 

during NREM sleep, global downscaling of synaptic strengths occurs. Owing to the increase in 

synaptic potentiation across wake, the process of synaptic depotentiation is crucial for creating 

an ideal neural environment for additional learning post-sleep. However, since memory 

consolidation is driven by long-term potentiation (LTP) at the cellular level (Chauvette, Seigneur 

and Timofeev, 2012), it is unclear how the depotentiating nature of SWS, as suggested by Tonini 
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and Cirelli (2003), could contribute to it. Two recent studies have taken a closer look at the 

synaptic changes occurring across NREM and REM sleep: First, on the premise that downscaling 

of synaptic strength should result in reduced somatosensory cortical-evoked local field potentials 

(LFP) as a result of electrical stimulation, Chauvette and colleagues (2012) surprisingly 

demonstrated an increase in somatosensory cortical-evoked LFP following SWS, thus 

concluding that SWS is associated with synaptic upscaling rather than downscaling as 

previously believed. Second, Grosmark and colleagues (2012) recorded LFP in hippocampal 

CA1 neurons during NREM and intervening REM episodes, and found that it is in fact, REM 

sleep that is responsible for the reduction in neuronal excitability over sleep. 

These findings do not, by any means, preclude the role of either SWS or REM in 

declarative memory consolidation. Rather, they provide support for the sequential role of NREM 

and REM episodes on memory consolidation. In line with this, Born and Feld (2012) provided 

the hypothesis that although REM is responsible for global downscaling of synaptic strength, 

NREM is crucial for the local upscaling of neuronal circuits involved in recently acquired 

memories. Interestingly, an earlier study by Ficca and colleagues (2000) demonstrated that 

disturbed NREM-REM sleep cycles resulted in impaired recall of verbal material after a night of 

sleep in young adults.  Together these studies indicate that although NREM and REM sleep 

contribute to memory consolidation in different ways, they do not do so independently; in fact, 

the contributions of NREM and REM to the process of memory consolidation are perhaps 

contingent on their occurrence in succession, or in other words, on the arrangement and integrity 

of sleep cycles. 
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Age-Related Changes in Sleep Physiology and its Relation to Cognition 
 

 

Aging is associated with diminished sleep quality, attributable in part by higher 

incidences of neuropsychiatric and sleep disorders in older populations (Neikrug and Ancoli- 

Israel, 2010). However, sleep quality is also diminished in healthy, normal aging (Pace-Schott 

and Spencer, 2011). Figure 1B shows a typical night in a healthy older adult. Older adults 

experience increased sleep onset latency and frequent awakenings through the course of the 

night, resulting in a marked increase in wake after sleep onset (WASO) compared to young 

adults. Consequently, sleep efficiency, or the amount of time spent asleep relative to time spent 

in bed, is significantly reduced in older adults compared to young adults (Buysse et al., 2005). 

Considering the role of sleep spindles and K-complexes in sleep maintenance (Urakami, 

Ioannides and Kostopoulos, 2012 ;Nicholas, Trinder and Colrain, 2002), the progressive increase 

in WASO with age could be a result of an age-related decrease in sleep spindle number, density 

and duration (Nicolas et al., 2001), as well as in a reduction in K-complex number and density 

(Crowley et al., 2002). Additionally, aging is associated with a reduction in EEG spectral power 

in the theta, sigma and delta frequency ranges (Carrier et al., 2001). The most drastic age-related 

change in sleep architecture however, is the reduction in SWS (Colrain et al., 2010), reflected by 

both the reduction in the total amount of SWS as well as shorter durations of the SWS bouts 

(Lombardo et al., 1998). Finally, there is some evidence to show that older adults also have 

reduced REM density compared to young adults (Darchia et al., 2003), and have decreased 

propensity to awaken from REM sleep (Dijk et al., 2001). 

 

Only recently has sleep-dependent memory consolidation been probed in healthy aging. 

 

In the non-declarative domain, Spencer and colleagues (2007) compared performance on a motor 

sequence learning task, and found that while young adults showed a sleep benefit, performance 
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changes over sleep did not differ from changes over wake for the older adult group.  This result 

was replicated by Siengsukon and Boyd (2008) and by Wilson and colleagues (2012), giving rise 

to the idea that sleep-dependent memory consolidation is reduced in older adults. Owing to the 

changes in SWS with age, one would expect a similar reduction in the processing of declarative 

memories over sleep. Consistent with this notion, Mander and colleagues (2013) demonstrated 

that medial prefrontal cortex gray matter atrophy associated with aging is paralleled by reduction 

in NREM SWA, and the extent of the reduction in NREM SWA correlated with post-sleep 

episodic memory impairment. Furthermore, following sleep-dependent declarative memory 

consolidation in young adults, there is a reduction in task-related hippocampal activation with a 

concurrent increase in hippocampal-neocortical connectivity (Takashima et al., 2006); however, 

this was not the case in older adults (Mander et al., 2013). Evidence of reduced hippocampal- 

prefrontal functional connectivity (Salat et al., 2005) as well as reduced connectivity within the 

hippocampus during SWS (Terry, Anderson and Horne, 2004) has been observed in aged rats as 

well. 

In contrast with these findings, Aly and Moscovitch (2010) probed autobiographical 

memory in older adults and reported that recall of stories and personal events was superior 

following a period of sleep compared with a period of wake. Likewise, using a word-pair 

associates task, Wilson and colleagues (2012) demonstrated that older adults recalled 

significantly more novel word pairs following sleep compared to wake. Collectively these 

studies suggest that sleep-dependent declarative memory consolidation may indeed be preserved 

in aging. 

The inconsistencies in the declarative memory literature facilitate the need to dissociate 

the passive and active roles of sleep in memory consolidation: Specifically, since the benefit of 
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sleep for older adults, where observed, is reflected by a maintenance in performance, or in other 

words less forgetting, sleep may merely protect memories from ongoing waking interference as 

opposed to actively strengthening, stabilizing and relocating memories as they do in young 

adults. Through the use of behavioral manipulations and electrophysiology, the current study is 

an attempt at filling this gap in the literature by exploring whether active consolidation of visuo- 

spatial memories occurs in older adults. 

Current Study: Motivation and Hypotheses 
 

Proponents of the hypothesis that the role of sleep in memory consolidation is one that is 

passive and short-lived state that sleep is beneficial to memory insofar as it provides a period of 

time, undisturbed by interference from waking activities, where newly encoded information is 

preserved without much decay (Vertes, 2004; Vertes and Siegel, 2005). Since such a theory does 

not advocate that sleep strengthens memory traces, memories would once again become labile 

and susceptible to interference when the individual awakens and engages in daytime activities. 

Although the passive role of sleep is one mechanism through which memory is benefited, 

sufficient evidence has been accumulated against this being the sole mechanism, specifically in 

young adults. Firstly, the benefit of sleep has indeed been found to be long-lasting. If learning is 

immediately followed by an interval of sleep, the benefits of sleep on memory are maintained 24 

hours later despite an additional interval consisting of daytime activities (Wilson et al., 2012). 

Furthermore, impaired memory for learned information following 12 hours of wake is found to 

recover 24 hours later once participants have had the opportunity to sleep; however, the delayed 

benefits of sleep to memory are diminished compared to the effects of sleep immediately 

following learning. Secondly, region-specific reactivation of hippocampal and neocortical 

ensembles during SWS resulting in more efficient memory recall post-sleep, provides 
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mechanistic support for the active role of sleep in memory consolidation (Peigneux et al., 2004). 

Thirdly, sleep fragmentation and disruption of NREM-REM sleep cycles, without a concurrent 

increase in awakenings, has been shown to be detrimental to memory consolidation (Ficca et al., 

2000). Such an observation contradicts the hypothesis that merely time spent asleep is sufficient 

for protecting memories, but rather supports the existence of specific sleep-dependent processes 

that are crucial for consolidation to occur. 

Ellenbogen and colleagues (2006) used an interference paradigm to demonstrate that 

memories that are consolidated over sleep are actively strengthened such that they are resistant to 

subsequent interference. They trained participants on a word-pair learning task using A-B pairs; 

after a period of 12 hours consisting of either daytime wake or overnight sleep, they trained the 

same participants on interfering A-C word pairs. When memory for the original A-B word pairs 

was tested following interference, they found that the performance of the group that slept in 

between sessions was significantly superior to the group that stayed awake. Diekelmann and 

colleagues (2012) extended this finding to spatial learning using task-related odor cues during 

post-training wake or SWS to test the effects of memory reactivation on memory stability. They 

found that reactivation of memories during wake rendered them labile, while the opposite 

occurred during SWS, wherein memories were strengthened and thus more resistant to 

interference. Furthermore, reactivation during SWS, not wake, resulted in activation of 

hippocampal and posterior cortical regions, consistent with the mechanism of declarative 

memory consolidation via a hippocampal-neocortical dialogue (Peigneux et al., 2004). 

 

The active role of sleep in memory consolidation is less clear in older adults, particularly 

in light of the inconsistent behavioral outcomes of the sleep-dependent declarative memory 

studies. In order to dissociate the passive and active roles that sleep plays in cognitive processes, 
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a visuo-spatial learning paradigm was used in this study, given that, 1) it engages the 

hippocampus (Shrager et al., 2007), 2) such a paradigm has been used before to adequately 

demonstrate the relationship between declarative learning, reactivation of memory traces in the 

hippocampus during SWS and post-sleep benefits on performance in young adults (Diekelmann 

et al., 2012), 3) such a task has never previously been used to probe sleep-dependent declarative 

memory consolidation in older adults, and 4) Cherdieu and colleagues (2014), using a visuo- 

spatial learning paradigm in young and older adults demonstrated that while  young adults show 

a distinct benefit of sleep on this task, older adults, in fact, do not. Although not to a level of 

significance, sleep did indeed provide a modest level of protection against decay compared to 

wake in older adults, leading Cherdieu and colleagues (2014) to conclude that sleep-dependent 

memory consolidation is reduced in older adults. Such a benefit of sleep could be a result of the 

passive role of sleep in protecting memories from decay alone. However, both Cherdieu and 

colleagues (2014) and Mazzoni and colleagues (1999) have demonstrated a strong positive 

correlation between proportion of time spent in sleep cycles relative to total sleep time, and 

performance on a declarative task in older adults, suggesting a reliance on sleep physiology and 

not merely time spent asleep. 

 

The current study aimed to provide some insight into whether older adults lack the active 

role of sleep in the consolidation of visuo-spatial memories, or if it is simply reduced. This is 

done through 1) the use of an interference paradigm as per Ellenbogen and colleagues [2006] and 

Diekelmann and colleagues (2011), 2) looking at the contribution of early night sleep in 

particular, on memory performance, with respect to quantity, quality and arrangement of the 

sleep stages, and 3) examining age-related changes in the EEG spectral characteristics of NREM 

 

sleep, and its effect on memory consolidation. 
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Our a-priori predictions for young adults were: 1) Young adults would benefit from a 12- 

hour interval of sleep in both, the No Interference and the Interference conditions, such that 

memory decay would be much reduced following sleep compared to an intervening interval of 

wake, 2) the benefit of sleep in young adults would be closely related to the amount of time spent 

in SWS early in the night, such that greater amounts of SWS early in the night would result in 

superior performance post-sleep, 3) greater delta power and sigma power density of the SWA 

early in the night would correlate with performance benefits post-sleep, 4) greater sigma power 

density of N2 across the night would correlate with better memory, 5) performance post-sleep 

would be related to the amount of time spent in sleep cycles relative to time spent asleep, such 

that greater the percentage of time spent in sleep cycles, better the performance post-sleep, and 

finally, 6) the interaction between NREM and REM episodes early in the night would play an 

important role in the memory consolidation process. 

 

With regard to older adults, we predicted: 1) Sleep physiology in older adults would be 

markedly different from young adults in that they would have reduced SWS, reduced delta and 

sigma power density, as well as disrupted sleep cycles and, 2) owing to these changes in sleep 

physiology, we would see reduced sleep-dependent memory consolidation, such that the benefits 

of an interval of sleep would only be evident in the Interference condition, where the active role 

of sleep in episodic memory consolidation would be unmasked. 
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CHAPTER II 
 

 

METHODS 
 

 

Participants 
 

 

 

One hundred and thirty seven healthy young adults between the ages of 18 and 30 yrs and 

 

95 healthy older adults between the ages of 50 and 79 yrs participated in this study.  In order to 

ensure that the sample consisted of healthy individuals, participants were excluded if they had 

been diagnosed with a neurological disease, congestive heart failure, had a previous myocardial 

infarction or heart surgery, or a history of stroke or head trauma. Additionally, participants were 

excluded if they used sleep-affecting medications, or if they habitually slept less than 5 hours or 

more than 11 hours per day. In order to accurately perform the behavioral task, we also ensured 

that participants had unimpaired, or corrected vision (20/30 or less) as assessed with a standard 

vision chart. 

Participants were assigned to either the Wake group or the Sleep group, and to either the 

“No Interference” or the “Interference” condition. A subset of the Sleep group was administered 

polysomnography (PSG) recording procedures. There were therefore, a total of 8 experimental 

groups in this study: Young Adult No Interference Wake (N=33), Young Adults No Interference 

Sleep (without PSG, N=23; with PSG, N = 17), Young Adult Interference Wake (N=32), Young 

Adult Interference Sleep (without PSG, N=17; with PSG, N = 15), Older Adult No Interference 

Wake (N=20), Older Adults No Interference Sleep (without PSG, N=13; with PSG, N = 14), 

Older Adult Interference Wake (N=23), Older Interference Sleep (without PSG, N=15; with 

PSG, N = 10). 
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For older adult participants alone, we administered the Mini-Mental State Exam (MMSE, 

Rovner and Folstein, 1987) and the National Adult Reading Test (NART: Nelson, 1991), as 

measures of cognitive function and intelligence levels respectively. 

Sleep Assessments 
 

 

In addition to prescreening, participants were queried for average sleep time using the 

Pittsburgh Sleep Quality Index (PSQI), a questionnaire used to determine an individual’s sleep 

quality over the previous 30 days (PSQI; Buysse et al., 1989). The PSQI includes questions 

probing subjective sleep quality, sleep latency, sleep duration, sleep efficiency, disturbances 

during sleep, the use of sleep-affecting medications, and daytime somnolence; it has been 

determined to be a reliable (Cronbach’s α=0.87) and valid instrument for the measurement of 

sleep disturbances (Bakhaus et al., 2002). An abbreviated Wake-Time Diary was given in the 

morning session to assess subjective sleep quantity and quality during the preceding night (Smith 

et al., 2003). To assess daytime activities including napping and caffeine intake, an abbreviated 

Sleep-Time Diary was given in the evening session. 

In addition, during each session of the study, participants were given the Stanford 

Sleepiness Scale (SSS). Responses range from 1 (feeling active, wide-awake) to 7 (almost in 

reverie, struggling to remain awake), providing a measure of self-reported sleepiness (Hoddes et. 

al., 1973). This information was taken in order to assess differences in subjective sleepiness 

across groups and conditions. 

Procedures 
 

Figure 2 describes the experimental procedures in this two-session study. Following 

informed consent procedures, session one began with completion of the PSQI, Wake-Time Diary 

(for the Wake groups) or the Sleep-Time Diary (for the Sleep group), and the SSS. Subsequently, 
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participants completed the preview, the  encoding phase, and the immediate recall phase of the 
 

visuo-spatial learning task. The exact time of testing during session one was recorded for each 

participant, and by means of the Sleep-Time and Wake-Time diaries, we determined: 1) “Sleep 

inertia,” or the amount of time between sleep offset and commencement of the experimental 

procedures in the morning (for the Wake group), and 2) “sleep delay,” or the amount time 

between conclusion of experimental procedures and sleep onset in the evening session (for the 

Sleep group). 
 

Session one and two were separated by a 12-hr interval.  Session one took place between 

 

8-10 AM for those assigned to the Wake group, with session two occurring 12 hrs later between 

 

8-10 PM, following and interval spent fully awake.  Participants were instructed not to nap or 

consume alcohol during this time.  Alternatively, the Sleep group performed session one between 

8-10 PM and session two 12-hrs later between 8-10 AM the following morning, after an interval 

consisting of overnight sleep (during which PSG recordings were conducted for a subset of this 

group). The SSS and Sleep-Time Diary (for the Wake group) or the Wake-Time Diary (for the 

Sleep group) were completed at the start of session two.  Subsequently, participants were 

introduced to either the No Interference or the Interference conditions, followed by the delayed 
 

recall phase. 

 

The Visuo-Spatial Task 
 

 

The task used to probe declarative memory was a visuo-spatial learning task similar to 

the game Memory (also known as Concentration), and was adapted from the paradigm used by 

Diekelmann and colleagues (2011). Twenty images were presented on a computer screen, 

arranged in a 5x4 matrix (Fig. 3A). The images represented pictures of common nouns (for 

example, “nurse,” “dog,” or “cherries”). Participants were informed that a preview of the image 
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matrix would be presented to them and were instructed to memorize the locations of the images 

as they would be tested on their memory for those locations later in the session. Based on pilot 

data, in order to equate learning across age groups, the image preview was presented for 30 s for 

young adults and 60 s for older adults. Subsequently, the images were virtually “flipped over,” 

and participants began the encoding phase. In this phase, a single image matching an item in the 

matrix was displayed on the right of the screen (Fig. 3A) and participants were asked to click on 

the location within the matrix where the matching image was located. The correct image for the 

selected location was then revealed to the participant, providing them with feedback as to 

whether they were correct, and giving them additional opportunities to learn the image locations. 

After all items in the matrix had been tested, if accuracy was < 15%, the preview of the image 

matrix was presented again (30 s for young adults and 60 s for older adults). The encoding phase 

continued until the participant reached a criterion of 63% correct or until the full set of images 

had been probed 10 times. 
 

After a 20 min period, during which they completed a set of questionnaires, participants 

were informed that they were to be tested on their memory for the image locations in the 

immediate recall phase (Fig. 3B). They were also informed that unlike the encoding phase, each 
 

image location would be tested just once, and no feedback would be provided (in other words, 

the correct image for the selected location would not be displayed following a response). This 

was done in order to prevent further learning, and to provide an unbiased baseline measurement 

of their knowledge of the spatial locations of each image, no feedback was provided. 

Session two procedures differed for the Interference and the No Interference conditions. 

For the Interference condition, participants were introduced to a new matrix, composed of the 

same images used during encoding, but the items were in new locations. The preview and 
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encoding phases were identical to those in session one with the exception that encoding 

continued until accuracy was 63% or when all items had been probed 4 times (this was lower 

than session one in order to avoid substantial levels of interference, resulting in a floor effect 

with respect to memory for the original image locations). After a 30 min wait period, the 

participants were retested for delayed recall on the original locations in the delayed recall phase 
 

(Fig. 3B).  During the 30 mins between the Interference round and delayed recall, participants 

were shown a movie (“Planet Earth”) in order to prevent active rehearsal of the image locations 

and to equate activities across participants. 
 

In the No Interference condition, to equate the time in the lab prior to the delayed recall 

phase in the Interference condition, the participants first watched “Planet Earth” for 30 mins, 

followed by the delayed recall phase. There was no additional encoding in the No Interference 

condition. 

Polysomnography 
 

 

For a subset of the participants that were assigned to the Sleep groups, we followed 

session one with the addition of PSG. One hour or more prior to the participant’s estimated 

bedtime, the standard PSG montage was applied in the participant’s residence.  The montage 

included six EEG leads (O1, O2, C3, C4, F1, F2, Cz, ), two EOG leads (one on the side of each 

eye), two chin EMG leads, two mastoid electrodes and one ground electrode on the forehead, 

using the Aura PSG wireless/ambulatory system (Grass Technologies, Astro-Med Inc., West 

Warwick, RI). 

PSG data was analyzed according to the specifications provided in the revised American 

Academy of Sleep Medicine manual (Iber et al., 2007). All records were scored for NREM-REM 

sleep cycles as per the criteria provided by Griessenberger and colleagues (2012). A sleep cycle 
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was defined as a period of NREM followed by REM, lasting a minimum of 30 mins, and not 

interrupted by a period of continuous wake greater than 2 mins. NREM or REM bouts that were 

<2 mins in duration were included in the previous sleep stage, and REM bouts that were < 15 

mins apart were combined and considered as a single REM bout. Finally, each individual’s 

record was divided in half, such that the contribution of NREM, and specifically SWS, could be 

examined during the first half of the night. 

EEG spectral power analyses were conducted using the BrainVision Analyzer 2.0 

software (Brain Products, Munich, Germany). Raw data was first subjected to segmentation: 

delta power density (0.5-4 Hz) and sigma power density (12-16 Hz) was calculated during SWS 

during the first half of the night, while sigma power density was calculated during N2 across the 

night (Fogel, Smith and Cote 2007). Segmented data was then filtered for frequencies between 

0.3 and 35 Hz, followed by semi-automatic raw data inspection for large artifacts, such as 

arousals, motion artifacts and transient electrical interference that render epochs unscorable, in 

the EEG channels only: Artifacts were automatically detected by the software, but were 

subsequently confirmed or rejected by visual inspection. Inspected data was then segmented into 

4 s bins and subjected to semi-automatic artifact rejection for the detection of more minute 

frequency and amplitude fluctuations that may have been missed during raw data inspection. 

Finally, in order to measure spectral power density (µV
2
/Hz), central and frontal electrodes were 

subjected to Fast-Fourier transform analysis using a 10% Hanning window with no overlap; 

spectral EEG power density for delta and sigma frequency ranges was calculated and averaged 

across the central and frontal electrodes (Marshall et al., 2006). 
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Statistical Analyses 
 

 

In order to compare group differences in the questionnaire measures (PSQI, SSS1 and 

SSS2), independent samples t-tests were used. Likewise, baseline performance was compared 

between age groups, and between Wake and Sleep groups within each age group, using two 

measures: Number of loops required to reach criterion during encoding and accuracy during the 

immediate recall phase (proportion of images correctly recalled). For all t-tests, if the Levene’s 

test for homogeneity was found to be significant, the adjusted t-statistics and p-values are 

reported. 

Performance changes from session one to two were calculated by subtracting accuracy 

during the delayed recall phase from accuracy during the immediate recall phase. However, in 

order to control for differences in baseline performance on the task, specifically accuracy at 

immediate recall, an Adjusted Score was used as the dependent variable in our analyses. This 

was done by using the following formula: Adjusted Score = (Delayed Recall – Immediate 

Recall) / Immediate Recall 

To test the effects of independent variables, Group (Wake vs. Sleep) and Condition (No 

Interference vs. Interference) on performance on the visuo-spatial task (Adjusted Score), a two- 

way between subjects ANOVA within each age group was conducted. In order to examine 

whether there was an age-related reduction in active sleep-dependent memory consolidation, a 

two-way Group by Age Group (Young vs. Old) was conducted within the interference condition 

alone; this was done on the premise that a significant Group x Age Group interaction would 

suggest that sleep differentially affects the stability of the visuo-spatial memories across the two 

age groups. If the independent samples t-tests conducted previously to compare scores on the 
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PSQI, SSS1 and SSS2 revealed any significant difference between the Wake and Sleep groups 

for either of the age groups, those measures were used as covariates in ANOVAs. 

Aging is associated with an increase in WASO and consequently a reduction in sleep 

efficiency (Pace-Schott and Spencer, 2011); therefore, we compared these two measures between 

young and older adults using independent samples t-tests. Owing to the role of NREM sleep, 

particularly SWS, in declarative memory consolidation in the early part of the night (Plihal and 

Born, 1997), the effects of the amount of time spent in NREM and SWS during the first half of 

the night on performance changes on the visuo-spatial task was assessed in young and older 

adults. Furthermore, to test whether the first bout of SWS following sleep onset is associated 

with declarative memory consolidation independently, the amount of NREM and SWS in the first 

sleep cycle of the night specifically, was measured. Independent samples t-tests were performed 

to compare the amount of time spent in SWS and NREM during the first half of the night, and 

during the first sleep cycle of the night. In addition, we examined EEG spectral power density in 

young and older adults in the delta and sigma frequency ranges during SWS in the first half of the 

night. Owing to the contribution of N2 in declarative memory consolidation (Fogel et al., 2002), 

we compared the amount of time spent in N2, as well as sigma power density during N2, across 

the night between the two age groups. Given the suggestion of the involvement of REM sleep in 

memory consolidation by means of global synaptic depotentiation (Grosmark et 

al., 2013), we also examined the age-related differences in the distribution of REM sleep during 

the first and second halves of the night. 

 

To explore the relationship between each of the sleep parameters and performance 

changes over sleep (Adjusted Score), Pearson’s correlations were conducted. For these analyses, 

if the behavioral results revealed a main effect of Group with no Group x Condition interaction, 
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the two experimental conditions (NI and I) were combined in an effort to increase the power to 

detect the relationship between behavioral changes and the various sleep parameters. Since delta 

power density during SWS is known to be particularly sensitive to sleep pressure (Borbély, 

1981; Borbély, 1982), Pearson’s correlation between sleepiness scores during session one and 

amount of SWS and delta power density across the night for each age group was conducted. If 

this correlation was found to be significant, SSS1 scores were used as a covariate in a partial 

correlation between delta power density and the Adjusted Score. All correlational analyses 

involving older adults were controlled for age as well, owing to the progressive changes in sleep 

structure and physiology across our selected age group (50-80 years). 

 

It has been suggested previously that uninterrupted, organized and continuous 

NREM/REM sleep cycles are more efficient in the process of memory consolidation, than the 

individual sleep stages considered independently (Ficca et al., 2000). Thus, the relationship 

between time spent in uninterrupted sleep cycles and the Adjusted Score was examined. Finally, 

in order to test the importance of the first NREM-REM-NREM triplet on the Adjusted Score, a 

multiple regression analysis was performed, specifically to explore the interaction between the 

three stages. This was done such that the independent effects of each of those stages, as well as 

their combined effects on over-sleep consolidation of visuo-spatial memories could be explored. 

The interaction terms in multiple regression analyses, if found to be significant, suggest that the 

impact of one variable depends on the level of the other. Furthermore, if the interaction is 

significant, then the interpretation of the main effects of each variable cannot be considered 

alone, as such an interpretation is incomplete and does not represent the true relationship 

between the variables and the outcome. Therefore, in order to look at the relationship between 

NREM and REM sleep in the first NREM-REM-NREM triplet of the night, the following 



25  

variables were centered around their average values and entered into the multiple regression: 

Total amount of NREM in the first sleep cycle (SC1 NREM), total amount of REM in the first 

sleep cycle (SC1 REM), total amount of NREM in the second sleep cycle (SC2 NREM), 

interaction terms SC1 NREM x SC1 REM, SC1 REM x SC2 NREM, SC1 NREM x SC2 NREM 

and SC1 NREM x SC1 REM, SC2 NREM. 
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CHAPTER III 

 

RESULTS 
 

Sample Descriptives 
 

The average age of the young adult sample was 21.22 yrs (SD = 2.62), and consisted of 

 

56 males and 81 females. The Wake-Time and Sleep-Time diaries were used to exclude 

individuals if they had consumed alcohol or excessive amounts of caffeine either prior to the 

experiment or in between sessions, if they had < 4 hrs of sleep on the experimental night or if 

they had napped during the day in between sessions. None of the young adults consumed alcohol 

or excessive caffeine either prior to the experiment or in between sessions. However,  9 young 

adults were excluded for taking a daytime-nap in between experimental sessions and 9 additional 

individuals were excluded for having a PSQI score >7 indicating significant sleep disturbances. 

Therefore, analyses are based on 119 young adult participants. Table 1 provides descriptive 

statistics for the final young adult sample. 

The average age of the older adult sample was 65.43 yrs (SD = 7.60), consisting of 24 males 

and 71 females. All older adult participants scored >27 out of a possible 30 on the MMSE, and 

none of the participants scored <70% on the NART. There were no older adults that were 

excluded for alcohol or excessive caffeine consumption prior to the experiment, or in between 

sessions. However, 4 older adults were excluded for taking a daytime-nap in between sessions, 

and an additional 12 older adults for having a PSQI score >7. Thus analyses are based on 84 

older adult participants. Table 1 provides descriptive statistics for the final older adult sample. 

Group Differences 

Table 2 provides mean scores for young and older adults for each of the questionnaire 

measures. Independent samples t-tests revealed that there were no significant differences 
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between the two age groups for subjective sleep quality measured through the PSQI (t(193) = 

 

1.69, p = 0.093). However, young adults reported being significantly more sleepy compared to 

older adults during session one (SSS1; t(93) = 3.60, p < 0.001) and during session two, at trend- 

level (SSS2; t(189.54) = 1.87, p = 0.064). 

For young adults, there were no significant differences between the Wake and Sleep 

groups for scores on the SSS1 (t(117) = -0.302, p = 0.763), SSS2 (t(117) = -0.568, p = 0.571), or 

the PSQI (t(117) = -0.993, p = 0.323). For older adults however, although there were no 

significant differences between the Wake and Sleep groups for the PSQI (t(74) = 1.665, p = 0.1), 

the older adult Sleep groups reported feeling significantly sleepier during session one compared 

to the Wake groups (SSS1; t(74) = -2.572, p = 0.012), while the Wake groups reported being 

sleepier than the Sleep groups during session two (SSS2; t(74) = 2.079, p = 0.041). Owing to 

these differences in self-reported sleepiness between sessions in older adults, sleepiness during 

both session one and two were controlled for when making behavioral comparisons between the 

Wake and Sleep groups. 

Performance on the Visuo-Spatial Task 

 

Baseline Differences 

 

We compared young and older adults with respect to the two measures of baseline 

performance in the first session (Table 2): the number of loops required to reach criterion during 

the encoding phase, and accuracy in the immediate recall phase (proportion of image locations 

correctly recalled). Older adults required significantly more loops during the encoding phase to 

reach criterion compared to young adults (t(77) = -2.863, p = 0.04). Furthermore, accuracy 

during the immediate recall phase was greater for young adults compared to older adults (t(195) 

= 2.971, p = 0.003). 
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Young adults in the Wake group had a shorter delay between sleep offset in the morning 

and behavioral testing, and thus had greater “sleep inertia” than did the older adults (YA, Mean = 

1.29 hrs, SD = 0.64; OA, Mean = 2.68 hrs, SD = 1.30; t(26.595) = -4.726, p < 0.001). However, 

sleep inertia did not affect encoding performance for either young or older adults with respect to 

number of loops required to reach criterion (YA, Pearson r = -.261, p = 0.329; OA, Pearson r = 

0.553, p = 0.255) or accuracy at immediate recall (YA, Pearson r = 0.125, p = 0.435; OA, 

Pearson r = 0.326, p = 0.529). 

There were no significant differences between the young adult Wake and Sleep groups 

with respect to number of loops required to reach criterion (t(55) = 0.473, p = 0.638), or accuracy 

during immediate recall (t(117) = 0.345, p = 0.731). Likewise, the older adult Wake and Sleep 

groups were comparable with respect to number of loops required to reach criterion (t(20) = 

0.913, p = 0.372), and accuracy during immediate recall (t(76) = -0.499, p = 0.619). 

 

Change in Performance over Wake and Sleep Intervals 

 

A two-way Group (Wake vs. Sleep) by Condition (NI vs. I) ANOVA in young adults 

revealed a main effect of Group (F(1,114) = 7.899, p = 0.006) and a main effect of Condition 

(F(1,114) = 100.10, p < 0.001). The Group x Condition interaction was not significant (F(1,114) 

= 2.323, p = 0.13). Likewise, a two-way Group (Wake vs. Sleep) by Condition (NI vs. I) 

ANCOVA with SSS1 and SSS2 scores as covariates in older adults revealed a trend-level main 

effect of Group (F(1,69) = 3.595, p = 0.062; Fig. 4A) and a main effect of Condition (F(1,69) = 

93.736, p < 0.001). The Group x Condition interaction was not significant (F(1,69) = 0.266, p = 

 

0.608; Fig. 4A). 
 

 

Given a suggestion of a sleep benefit in older adults, to answer whether the role of sleep 

in strengthening and stabilizing declarative memories is reduced in older adults relative to young 
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adults, we performed a two-way Group (Wake vs. Sleep) by Age Group (Young vs. Old) 

ANCOVA with SSS1 and SSS2 scores as covariates, in the interference condition alone. The 

two-way ANCOVA revealed a significant main effect of Group (F(1,187) = 7.726, p = 0.006; 

Fig. 4B), but no main effect of Age Group (F(1,187) = 1.188, p = 0.277; Fig. 4B), or Group x 

Age Group interaction (F(1,187) = 0.099, p = 0.753). Additionally, in order to answer whether 

the extent of encoding of the interference image locations affected recall of the original image 

locations, we examined the relationship between the number of loops required to reach criterion 

during the interference round and the Adjusted Score: We found no relationship between the two 

measures for either the Wake or Sleep groups for young (Wake, Pearson r = -0.141, p = 0.541; 

Sleep, Pearson r = 0.166, p = 0.485) and older adults (Wake, Pearson r = 0.167, p = 0.623; Sleep, 

Pearson r = -0.411, p = 0.491). 

 

To explore the relationship between baseline performance on the visuo-spatial task and 

performance changes over wake and sleep intervals, we performed Pearson correlations between 

each of the measures of baseline performance (number of loops required to reach criterion and 

accuracy at immediate recall) and the “Forgetting Rate” for the original image locations. The 

Forgetting Rate was calculated using the following formula: Forgetting Rate = Accuracy at 

Delayed Recall – Accuracy at Immediate Recall. All analyses were controlled for sleepiness 

during session one and two. For young adults, there was no significant relationship between the 

number of loops required to reach criterion during the encoding phase and the Forgetting Rate in 

either the Wake (Pearson r = 0.260, p = 0.313) or the Sleep groups (Pearson r = 0.038, p = 

0.824). Likewise, no significant correlation was found between accuracy at immediate recall and 

the Forgetting Rate in the Wake (Pearson r = -0.138, p = 0.350) or the Sleep group (Pearson r = - 

0.185, p = 0.146) for young adults. For older adults however, accuracy at immediate recall was 
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negatively correlated with the Forgetting Rate in the Wake group (Pearson r = -0.716, p < 0.001), 

as well as the Sleep group at trend-level (Pearson r = -0.272, p = 0.074). There was no 

relationship between the Forgetting Rate and the number of loops required to reach criterion 

during the encoding phase in either the Wake (Pearson r = 0.718, p = 0.282) or the Sleep groups 

(Pearson r = 0.120, p = 0.697). 

 

Given the indication that older adults forget learned visuo-spatial material at a more rapid 

rate than young adults, we compared the Forgetting Rate for the two age groups (combining 

Wake and Sleep groups) using an independent samples t-test: although there was no significant 

difference between young and older adults with respect to their Forgetting Rate (t(77) = 0.900, p 

= 0.369), the data was in the direction of an age-related increase in the proportion of images 

forgotten over time as (Young adults, M = 0.16, SD = 0.17; Older adults, M = 0.18, SD = 0.19). 

 

Finally, we examined the effects of the amount of time spent awake following task 

encoding and prior to sleep onset on performance changes over sleep. Young adults had greater 

“sleep delay” than did the older adults (YA, Mean = 3.57 hrs, SD = 1.10; OA, Mean = 2.94, SD 

= 0.84; t(96) = 2.942, p = 0.004), and greater sleep delay was associated with poorer 

performance on the task post-sleep (a lower Adjusted Score) in young adults (trend-level, 

Pearson r = 0.230, p = 0.070), but not in older adults (Pearson r = 0.001, p = 0.999). 

Group Differences in Sleep Architecture 

 

Sleep Integrity and Sleep Stage Organization 
 

 

Independent samples t-tests revealed no significant differences between the two age 

groups for sleep efficiency (t(51) = 0.281, p= 0.780); however, older adults had significantly 

greater WASO than young adults (t(33.23) = -3.616, p = 0.001; Table 3). With respect to the 

organization of the sleep stages, no significant differences were observed between young and 
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older adults for average number of cycles (t(42) = 0.437, p = 0.664; Fig. 5A). However, the 

average cycle length was significantly greater for young adults than older adults (t(42) = 2.155, p 

= 0.037; Fig. 5B). Additionally, young adults spent a greater amount of time in complete, 

uninterrupted sleep cycles than did older adults (TCT; t(42) = 2.107, p = 0.041; Fig. 5B) and this 

remained so when looking at the percent time spent in sleep cycles relative to total sleep time 

(TCT/TST ; t(42) = 2.694, p = 0.01; Fig. 5B). 

NREM Sleep 
 

Table 3 provides the mean values for each sleep measure in young and older adults. 

There were no significant differences between young and older adults for time spent in SWS in 

the first half of the night (t(46) = 1.236, p = 0.233; Fig. 6A) or the second half of the night (t(46) 

= -0.770, p = 0.445; Fig. 6B), and this was true in terms of percent SWS during the first and 

second halves of the night as well (First half, t(45.983) = 1.392, p = 0.171; Second half, t(46) = - 

1.024, p = 0.311). However, although there was no significant difference between young and 

older adults with respect to percent SWS during the first sleep cycle of the night (t(40) = 1.260, p 

= 0.215), young adults spent a significantly greater amount of time in SWS in the first sleep 

 

cycle than did the older adults (t(33.39) = 2.088, p = 0.044; Fig. 7). Furthermore, During SWS in 

first half of the night, young adults had greater delta power density (t(40) = 4.441, p < 0.001; Fig. 

8A), as well as greater sigma power density (t(35) = 2.409, p = 0.021; Fig. 8B) compared to 

older adults. 

 

Young adults spent marginally more time in NREM sleep during the first half of the night 

compared to older adults (t(46) = 1.469, p = 0.149; Fig. 6A); however, this difference was 

significant when looking at percent time spent in NREM sleep during the first half of the night 

(t(441) = 2.371, p = 0.020). There was no difference between young and older adults in terms of 
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time spent in NREM sleep (t(46) = 1.446, p = 0.155; Fig. 6B), or percent time spent in NREM 

sleep during the second half of the night (t(41) = 0.394, p = 0.696). However, young adults spent 

significantly more time than older adults in NREM sleep during the first sleep cycle (t(32.22) = 

3.106, p = 0.043; Fig. 7), and this was true with respect to percent NREM sleep during the first 

sleep cycle as well (t(40) = 2.704, p = 0.010). Finally, although there was no difference between 

young and older adults with respect to the amount of time spent in N2 across the night (t(51) = 

0.838, p = 0.406; Table 3) or percent time spent in N2 across the night (t(51) = 0.219, p = 0.828), 

sigma power density during N2 was significantly greater in young adults compared to older 

adults (t(38) = 2.231, p = 0.032; Fig. 9). 
 

 

REM Sleep 
 

 

Older adults showed a more diffuse distribution of REM sleep across the night compared 

to young adults: Specifically, compared to young adults, older adults spent a greater amount of 

time in REM sleep during the first half of the night (t(46) = -3.849, p < 0.001; Fig. 6A), as well 

as during the first sleep cycle (trend-level; t(40) = -1.795, p = 0.08; Fig. 7), and this was true in 

terms of percent time spent in REM sleep as well (First half, t(46) = -4.148, p < 0.001; First sleep 

cycle, t(40) = -3.182, p = 0.003). However, compared to young adults, older adults spent 

significantly less time in REM sleep (t(46) = 2.111, p = 0.04; Fig. 6B), and percent time in REM 

sleep during the second half of the night (t(46) = 1.993, p = 0.052). 

 

Relationship between Sleep Measures and Performance on the Visuo-Spatial Task 
 

 

Since the behavioral results revealed no significant Group x Condition interaction in 

either age group, and as such, sleep appears to benefit visuo-spatial memory consolidation in 

both conditions equivalently; therefore, No Interference and Interference conditions were 



33  

combined for the purpose of all correlations between sleep measures and post-sleep performance 

changes on the visuo-spatial task. 

 

The Role of Sleep Integrity and Sleep Stage Organization 
 

 

WASO and sleep efficiency are indicators of poor sleep quality; hence, the effects of the 

two measures on over-sleep performance changes on the visuo-spatial task (the Adjusted Score) 

were measured. No significant relationship was found in young or older adults between the 

Adjusted score and either WASO (YA Pearson r = 0.215, I = 0.253; OA Pearson r = -0.207, p = 

0.355) or sleep efficiency (YA Pearson r = 0.091, p = 0.632; OA Pearson r = 0.108, p = 0.631). 

Additionally, there was no significant correlation for either age group between the Adjusted 

Score and either TCT (YA Pearson r = 0.223, p= 0.305; OA Pearson r = -0.023, p= 0.930) or 

TCT/TST (YA Pearson r = -0.001, p= 0.994; OA Pearson r = 0.047, p= 0.857). 

 

The Role of NREM Sleep 
 

 

For young adults, there was a positive correlation between the Adjusted Score and time 

spent in SWS in the first half of the night (trend-level, Pearson r = 0.346, p= 0.072; Fig. 10A), 

but no relationship with time spent in SWS in the first sleep cycle (Pearson r = 0.172, p = 0.455). 

There was a trend-level relationship between the Adjusted score and time spent in N2 across the 

night (Pearson r = 0.342, p = 0.065). In addition to this, there was a positive correlation between 

the Adjusted Score and time spent in the combined NREM sleep measure during the first half of 

the night (Pearson r = 0.467, p= 0.012; Fig. 10B). For older adults, no relationship was found 

between over-sleep performance changes and time spent in N2 across the night, SWS or NREM 

sleep in the first half of the night or during the first sleep cycle of the night. 
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For young adults, there was a significant positive correlation between SSS1 scores and 

delta power density across the night (Pearson r = 0.465, p = 0.025). Consequently, we controlled 

for SSS1 scores when examining the relationship between post-sleep performance changes on 

the visuo-spatial task and delta power density in young adults: Delta power density during the 

first half of the night was significantly correlated with the Adjusted Score (Pearson r = 0.477, p 

= 0.045; Fig. 11). No significant relationship between SSS1 scores and delta power density was 

observed in older adults; however, despite this, we controlled for sleepiness in the correlations 

between the Adjusted Score and delta power density in older adults as well since older adults 

were significantly sleepier during session one compared to session two: There was no significant 

relationship between the Adjusted Score and delta power density during the first half of the night 

for older adults (Pearson r = 0.096, p = 0.722). In addition to this, sigma power density in neither 

SWS during the first half of the night (Pearson r = 0.083, p = 0.808) nor N2 across the night 

(Pearson r = -0.003, p = 0.994) was correlated with performance changes over sleep for young or 

older adults. 

 

The Role of REM Sleep 
 

 

For young adults, greater amount of REM sleep during the first sleep cycle of the night 

was correlated with poorer post-sleep performance on the task (trend-level, Pearson r = -0.399, p 

= 0.073). However, as demonstrated by Ficca and colleagues (2000), the role of REM sleep in 

declarative memory consolidation is one that is contingent on prior NREM sleep, and is 

dependent on the integrity of the NREM/REM sleep cycles. In order to explore this notion, and 

to test whether the interaction between NREM in the first sleep cycle (SC1 NREM), REM in the 

first sleep cycle (SC1 REM) and NREM in the second sleep cycle (SC2 NREM), or in other 

words, the first NREM-REM-NREM triplet, a multiple regression analysis using centered 
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variables was performed. In young adults, the multiple regression analysis revealed a significant 

 

2-way interaction between SC1 REM and SC2 NREM (β = 2.894, t(20) = 2.106, p = 0.055), as 

well as a significant 3-way interaction between SC1 NREM, SC1 REM and SC2 NREM (β = 

2.858, t(20) = 2.347, p = 0.035). A visual representation of the regression lines for each variable 

is displayed in Figure 12A. The multiple linear regression analysis did not result in any 

significant interactions in older adults. 

 

In addition to exploring the sequential effects of NREM and REM sleep during the first 

triplet of the night, we also calculated the “triplet onset latency,” or the amount of time following 

sleep onset before the onset of the first NERM-REM-NREM triplet that was uninterrupted by a 

period of wake > 2 mins. We found no difference between young and older adults with respect to 

triplet onset latency (t(40) = -0.594, p = 0.556). Furthermore, over-sleep performance changes 

were not related to the triplet onset latency for either the young adults (Pearson r = -0.138, p = 

0.539), or the older adults (Pearson r = 0.274, p = 0.272). 
 

 

A median split analysis based on accuracy at immediate recall within the older adult 

group was conducted, resulting in two “performance” groups: Low Performers (N=31) and High 

Performers (N=44). Although the low performing older adults did not differ from the high 

performing older adults with respect to age (t(73) = -0.083, p = 0.934), the Low Performers 

displayed diminished learning capacities compared to the High Performers, reflected by greater 

number of loops required to reach criterion at encoding (trend-level, t(20) = 1.934, p = 0.067), 

lower accuracy at encoding (t(72) = -2.765, p = 0.007), during immediate recall (t(73) = -11.019, 

p < 0.001), and during the interference round (t(36) = -2.837, p = 0.007). 

 

Unlike the Low Performers, the high performing older adults did not differ from the 

young adults with respect to the accuracy at immediate recall (t(132.565) = -1.673, p = 0.10). 
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However, in order to test whether the High Performers behaved more like the young adult group 

in terms of the underlying sleep-dependent mechanism of visuo-spatial memory consolidation, 

Pearson correlations between time spent in SWS, NREM and REM in the first half of the night 

and the Adjusted Score were conducted. Although the Low Performers and the High Performers 

did not differ with respect to total time or percent time spent in either of the sleep stages, the 

proportion of time spent in sleep cycles, or the triplet onset latency, for the High Performers 

alone, greater amounts of REM sleep in the first half of the night alone was associated with 

performance changes post-sleep (N=10, Pearson r = 0.717, p = 0.020). Additionally, a multiple 

regression analysis was performed to determine whether the interaction between SC1 NREM, 

SC1 REM and SC2 NREM significantly predicted the Adjusted Score. For High Performers, 

there was a significant 3-way interaction between SC1 NREM, SC1 REM and SC2 NREM (β = 

5.178, t(9) = 3.890, p = 0.03; Fig. 12B), suggesting that for High Performers, these stages 

interact in a way that is beneficial to declarative memory consolidation, much like it does in 

young adults. 
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CHAPTER IV 

 

DISCUSSION 
 

 

Cherdieu and colleagues (2013) demonstrated an age-related reduction in sleep- 

dependent visuo-spatial memory consolidation; they attributed this decline in over-sleep 

consolidation to changes in sleep parameters occurring with age, namely a reduction in sleep 

efficiency and percent time spent in sleep cycles. Specifically, they found those individuals 

(young and older adults alike) that spent a greater amount of time in sleep cycles tended to have 

a lower forgetting rate. Considering the importance of SWS in declarative memory 

consolidation, it was surprising however, that Cherdieu and colleagues (2013) did not report any 

differences between young and older adults with reference to time spent in SWS, nor a 

significant relationship between SWS and performance changes on the task for either age group. 

However, their comparisons were made for time spent in SWS across the night, while much of 

the literature suggests that the benefits of SWS on declarative memory is driven by SWS early in 

the night. Therefore, based on their results, it remained unclear what the underlying causes for 

the observed age-related reduction in declarative memory consolidation are, particularly whether 

the active, SWS-mediated consolidation mechanisms persist in older adults. 

 

In the current study, we introduced task-related interference to the visuo-spatial paradigm, 

allowing us to investigate the stability of the memories following sleep. Furthermore, we focused 

on the architecture and spectral characteristics of early night sleep in order to better understand 

how age-related changes in sleep may contribute to changes in declarative memory consolidation. 

We report a benefit of sleep on visuo-spatial memory consolidation in young and older adults; 

specifically, sleep actively strengthened memories, rendering them more resistant to subsequent 

interference compared to an equivalent interval of wake. Importantly, this effect did not appear to 



38  

be reduced in older adults relative to young adults. In young adults, the benefit of sleep was driven 

by time spent in SWS during the first half of the night, and was closely related to delta power 

density of the SWA during this time. Additionally, although REM sleep early in the night did not 

confer any benefits to visuo-spatial memory consolidation on its own, bouts of REM sleep nested 

within, and interacting with, NREM sleep, positively benefited post-sleep performance on the task. 

We did not find any of these associations between sleep parameters and performance changes over 

sleep on the visuo-spatial task in older adults. However, high performing older adults (as per their 

baseline performance on the task), positively benefited from REM sleep during the first half of the 

night; furthermore, the interaction between NREM and REM bouts early in the night appeared to 

benefit memory consolidation in high performing older adults much like in the young adults. Thus, 

the current study demonstrates that sleep continues to play an active role in declarative memory 

consolidation with age; however, the physiological mechanisms of such a benefit appear to be 

closely related to cognitive abilities. 

 

Young Adults: Mechanism of Sleep-Dependent Consolidation 
 

 

In the young adult group, not only was performance post-sleep superior to post-wake, but 

greater amount of time spent in NREM sleep, specifically SWS, during the first half of the night, 

was associated with better performance on the task the following morning. These results are in 

line with previous literature that states that declarative memory consolidation is SWS-dependent, 

occurring maximally during the early part of the night that is dominated by SWS (Plihal and 

Born, 1997; Peigneux et al., 2004). Furthermore, Siapas and Wilson demonstrated that SWA 

across the neocortex is responsible for synchronizing the occurrence of hippocampal sharp-wave 

ripples and neocortical spindles, thereby facilitating the transfer of hippocampal-dependent 

memories to long-term neocortical stores. Likewise, we report a strong correlation between 

performance benefits on the visuo-spatial task and SWA (delta power density) during SWS. 
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A number of recent studies suggest that SWS does not act independently in declarative 

memory consolidation; rather, alternating NREM and REM bouts contribute to the consolidation 

of declarative memories in a sequential fashion (Giuditta, 1995; Diekelmann and Born, 2010; 

Spencer, 2013). To this effect, Grosmark and colleagues (2013) demonstrated that interleaving 

REM episodes are responsible for a reduction in neuronal discharge rates, as opposed to NREM 

that is responsible for an increase in the same owing to the high-frequency sharp-wave ripples. 

The current study did not directly measure changes in synaptic strengths occurring over NREM 

and REM sleep bouts; however, the results of the regression analyses revealed an important role 

of the sequential effects of NREM and REM bouts during the first NREM-REM-NREM triplet 

on visuo-spatial memory consolidation. Using variables centered around the mean for the 

purpose of the analysis, REM sleep in the first sleep cycle was found to benefit memory 

consolidation if preceded by a normative amount of NREM in the first sleep cycle, and if 

followed by the same. 

 

Therefore, the benefit of sleep on performance on the visuo-spatial task in young adults is 

sensitive to the organization of sleep stages, perhaps reflecting three crucial steps in the process: 

1) Wilhelm and colleagues (2011) demonstrated that retrieval expectancy in an experimental 

setup is sufficient to “tag” memories as important, thus prioritizing their consolidation over 

sleep. Therefore, in the context of the current study, the knowledge that memory for the image 

locations would be tested during session two may have resulted in prioritization of those 

memories, and consequently, local upscaling during SWA occurring soon after sleep onset (the 

first NREM bout) of the neuronal circuits that were activated while encoding those image 

locations, (Chauvette et al., 2012), 2) Subsequent REM sleep resulted in global downscaling of 

synaptic strengths in the hippocampus, serving as a “filter,” wherein memories that were not 
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previously tagged as important were depotentiated (Grosmark et al., 2012), and 3) SWA and 

thalamocortical spindle activity following REM-dependent global downscaling of synaptic 

strengths, further strengthened and stabilized the memory traces associated with the image 

locations, ultimately resulting in the reorganization of the memories into neocortical stores from 

where they could be retrieved more efficiently the following morning. 

 

Age-Related Changes in Performance and Sleep Architecture 
 

 

Despite training until criterion during the encoding phase, we observed age-related 

differences in baseline performance. Specifically, older adults required more loops at encoding to 

reach criterion, a result that is consistent with the aging literature; it has previously been 

demonstrated that young adults have steeper learning curves compared to older adults with 

respect to declarative learning tasks (Vakil and Agmon-Ashkenazi, 1997; Davis et al., 2003). 

Furthermore, older adults in the current study were less accurate at immediate recall than young 

adults, in line with cross-sectional as well as longitudinal studies that have shown a decline in 

episodic memory with age, particularly after the age of 60 (Ronnlund et al., 2005). Structural 

changes in the prefrontal cortex that occur with age have a large impact on higher level executive 

functions, including those used to successfully perform a task requiring context-dependent 

memory, as in the case of the visuo-spatial task used here (Cabeza et al., 2000). However, much 

like the present study, previous sleep-dependent memory consolidation studies have reported 

similar baseline differences in performance on episodic memory tasks, while demonstrating 

equivalent levels of over-sleep consolidation between age groups (Aly and Moskovitch, 2010; 

Wilson et al., 2012). 

 

The young and older adult samples in this study were comparable with respect to 

subjective sleep quality as measured through the PSQI; however, young adults reported being 
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significantly sleepier during both morning and evening sessions. This could perhaps be due to a 

recruitment bias; college students, a population typically known to have inconsistent sleep habits, 

often complain of sleep disturbances, fatigue and daytime sleepiness (Buboltz, Brown and Soper, 

2001; Lund et al., 2010). On the other hand, since older adults have reduced daytime sleepiness 

despite a concurrent increase in night-time awakenings, it has been previously suggested that 

aging is associated with reduced sleep pressure (Pace-Schott and Spencer, 2011). Consistent with 

this notion, we found no correlation between subjective sleepiness prior to bed-time and 

subsequent time spent in SWS or delta power density of the slow waves for older adults. 

Considering that SWS was particularly sensitive to sleep pressure in young adults, this result 

supports previous reports of age-related changes in homeostatic sleep pressure. 

 

Although self-reported sleepiness was lower in the older adults relative to young adults, 

older participants were significantly sleepier in the evening compared to the morning session. 

Aging has been linked to a shift towards “morningness”, such that older adults are more likely to 

be morning rather than evening chronotypes (Mecacci et al., 1986). Despite this shift in 

chonotype however, we do not report any circadian differences in learning between the older 

adult Wake and Sleep groups with respect to number of loops required to reach criterion, or 

accuracy at immediate recall. 

 

In order to explore whether the extent of initial learning affects post-wake or post-sleep 

performance on the visuo-spatial task, we explored the relationship between baseline 

performance and the Forgetting Rate of the image locations. For young adults, neither the 

number of loops required to reach criterion during the encoding phase, nor accuracy at 

immediate recall, was correlated with the Forgetting Rate. However for older adults, accuracy at 

immediate recall significantly predicted performance changes, such that superior performance at 
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immediate recall resulted in increased forgetting following a period of wake, and following a 

period of sleep, albeit to a lesser degree. Thus for older adults, initial level of acquisition was 

associated with an increase in memory decay over time, a finding that is consistent with Davis 

and colleagues (2003) who demonstrated a greater decline in memory for declarative information 

over a 24-hr period in older adults compared to young adults. 

 

Sleep physiology was observed to be markedly different in older adults compared to 

young adults: Firstly, older adults appeared to have a broader distribution of SWS and REM 

across the night, an observation that has previously been reported in aging populations 

(Lombardo, 1998) and has been attributed in part by changes in the circadian regulation of sleep 

(Pace-Schott and Spencer, 2011). A phase advance and reduction in amplitude of the circadian 

rhythms associated with hormones such as melatonin and cortisol, as well as with core body 

temperature, have been observed in older compared to young adults (Duffy et al., 2002; Monk, 

2005). Sleep stages are particularly sensitive to body temperature, and to hormonal and 

neurochemical modulations (Porkka-Heiskanen, Zitting and Wigren, 2013); thus, alterations to 

circadian rhythms could result in changes in sleep physiology and in the disruption of sleep 

cycles. Indeed, compared to young adults, older adults in the present study and those in the study 

conducted by Cherdieu and colleagues (2013) spent less time in uninterrupted sleep cycles 

relative to total sleep time, and had shorter sleep cycle lengths on average. Additionally, we also 

report age-related changes in the electrophysiological properties of SWS and N2: Older adults 

had reduced delta and sigma power densities during SWS, as well as reduced sigma power 

density in N2, corroborating previous reports in aging populations (Cajochen et al., 2006; Carrier 

et al., 2001; Ohayon et al., 2004). 
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Owing to the importance of SWA early in the night and of sleep cycle integrity on 

declarative memory consolidation (Peigneux et al., 2004; Westerberg et al., 2012; Ficca et al., 

2000) one would expect to see reduced over-sleep consolidation of visuo-spatial memories for 

older adults. On the contrary, and in line with previous reports (Aly and Moscovitch, 2010; 

Wilson et al., 2012), we observed that older adults benefited equally from a period of overnight 

sleep compared to young adults with respect to performance on the visuo-spatial task. 

Furthermore, this benefit rendered the memories more resistant to subsequent interference 

compared to a period of wake, suggesting that the memories were not merely passively protected 

from daytime interference, but rather that they were actively strengthened. 

 

Older Adults: Mechanism of Sleep-Dependent Consolidation of Visuo-Spatial Memories 
 

 

In young adults, hippocampal activity varies as declarative information goes through the 

process of encoding, consolidation and retrieval. Encoding of declarative memories engages the 

hippocampus (Buzsáki, 1989); however, by means of the hippocampal-neocortical dialogue 

during SWS, declarative memories increasingly become hippocampal-independent, such that at 

retrieval, less hippocampal activation is associated with superior memory (Takashima et al., 

2006). Aging is associated with changes in each of these stages of declarative memory 

consolidation, resulting in a reduction of the efficacy of the process: 1) Owing to the decline in 

hippocampal function and integrity with age (Buckley and Schatzberg, 2005), older adults 

engage the prefrontal and rhinal cortical regions in addition to the hippocampus during encoding 

of declarative information, as a way of compensating for the hippocampal deficits (Daselaar et 

al., 2006; Murty et al., 2009), 2) Mander and colleagues (2013) demonstrated that aging is 

associated with reduced task-dependent hippocampal-neocortical connectivity over time, and 3) 

Unlike young adults, older adults increasingly use “familiarity-based” neural networks, rather 
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than “recollection-based” networks at retrieval, resulting in greater engagement of the rhinal 

cortex, perhaps due to increased top-down frontal modulations (Daselaar et al., 2006). Thus, as a 

result of age-related changes in the processing of declarative information and in sleep 

physiology, older adults may simply require multiple bouts of sleep in order to strengthen, 

stabilize and relocate memories to the same extent as young adults do during a single sleep bout. 

Specifically, owing to a reduction in the integrity of sleep architecture with age, sleep-dependent 

declarative memory consolidation may not occur predominantly during the early part of the night 

as is the case in young adults, but rather across the night, and perhaps across subsequent sleep 

bouts as well. 

 

Davis and colleagues (2003) demonstrated greater inter-individual differences in episodic 

recall with increasing age; thus, we explored whether the sleep-dependent mechanisms of visuo- 

spatial memory consolidation was dependent on the level of initial acquisition. High performing 

older adults showed the same effects as those reported in the complete older adult sample with 

the exception of one singular effect: Greater amounts of REM sleep in the first half of the night 

was associated with less forgetting post-sleep. As mentioned previously, REM is indeed 

beneficial to declarative memory consolidation owing to its synaptic depotentiating effects 

(Grosmark et al., 2012); older adults may perhaps be more reliant on this property of REM and 

therefore benefit from having larger bouts of REM early in the night. Additionally, it has been 

observed that during REM, theta waves facilitate LTP in the hippocampus (Stickgold et al., 

2001). SWS and REM-mediated LTP both contribute to episodic memory consolidation in young 

adults; however, the decrease in SWS with a concurrent increase in REM early in the night in 

older adults perhaps facilitates a greater dependence on REM-mediated memory consolidation 

processes of declarative memory consolidation. However, the interaction between NREM and 



45  

REM bouts in the first NREM-REM-NREM triplet was one that resulted in a positive effect on 

visuo-spatial memory in high performing older adults, suggesting that the sequential roles of 

these stages early in the night continue to provide cognitive benefits in aging for those 

individuals that have a greater degree of initial learning. 

In summary, this study provides evidence for the role of sleep in active memory 

consolidation of episodic memories, specifically with relation to a visuo-spatial task in young 

and older adults. The underlying mechanism of memory stabilization appears to depend on initial 

performance on the task; specifically, the sequential effects of NREM and REM bouts on 

memory consolidation early in the night are preserved in high performing older adults. However, 

unlike young adults, they also show a greater dependence on REM sleep early in the night, 

perhaps reflecting a reduction in the efficacy of declarative memory consolidation owing to the 

decline in the quantity and physiological properties of SWS. 

 

Limitations and Future Directions 
 

 

The older adult sample in this study represented a wide age range (50-80 years); since 

cognition and sleep undergo drastic changes after middle-age, this age range may represent 

individuals along varying time points on the aging spectrum. To overcome this issue, future 

studies should concentrate on a smaller and more specific age range. Additionally, a number of 

young and older adults were found to have high scores on the PSQI, which is indicative of poor 

habitual sleep quality. In order to avoid this, more stringent enrollment criteria might be used. 

For instance, by means of sleep diaries, participants’ sleep habits could be monitored for a 

number of days prior to the experiment, and those individuals with inconsistent sleep habits may 

be excluded from the study. 
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Finally, no correlation was observed between performance benefits on the task and 

sigma activity either during SWS in the first half of the night, or during N2 across the night.  

Perhaps sigma power density alone is not a good measure of sleep spindle activity alone, and 

spindle frequency and density would be more informative in the context of memory 

consolidation. In fact, studies have shown a close relationship between spindle 

frequency/density and declarative memory consolidation (Ruch et al., 2012; Cox, Hofman and 

Talamini, 2012; van der Helm et al., 

2011), and thus future studies should include these measures in addition to sigma power density. 

 

Conclusions 

 

We compared post-wake and post-sleep performance on a visuo-spatial learning task in 

healthy young and older adults, specifically with the goal of dissociating the passive and active 

roles of sleep in declarative memory consolidation. Sleep was found to protect declarative 

memories from subsequent interference in both young and older adults, providing support for 

the active, strengthening effects of sleep on declarative memories. For young adults, the data 

also supported the SWS-dependent mechanisms for memory stabilization and additionally, 

provided evidence for the sequential role of NREM and REM sleep in this process. Owing to 

age-related changes in sleep architecture, older adults did not show similar effects. However, 

older adults 

that demonstrated superior learning performance at baseline, appeared to rely on some of the 

same neural mechanisms for sleep-dependent declarative memory consolidation as young 

adults. Consequently, future research should focus on understanding how age-related cognitive 

decline impacts the traditional hippocampal-dependent declarative memory system, and how 

this might affect sleep-dependent memory consolidation.  
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APPENDIX A 

TABLES 

Table 1. Sample descriptive statistics. Handedness, Left-handed = L, Right-handed = R, 

Ambidextrous = Ambi; Sex, Male = M, Female = F; Unknown = U. p-values are provided for 

Wake vs. Sleep comparisons within each age group.  

  

Descriptive 
Young Adults p-

value 

Older Adults p-

value Wake Sleep Wake Sleep 

No 

Interference 

N 24 38 13 24 

Mean Age 

(SD) 21.52 (2.50) 20.66 (2.37) 0.182 65.54 (7.56) 63.17 (7.44) 0.363 

Sex 11M, 13F 18M, 20F 0.973 4M, 9F 9M, 15F 0.878 

Handedness 1L,22R,1U 4L,34R 0.402 2L,11R 4L,20R 0.922 

Interference 

N 27 30 18 23 

Mean Age 

(SD) 21.81(3.22) 21.29(2.61) 0.506 67.29(7.27) 66.26(6.93) 0.671 

Sex 10M, 17F 12M, 18F 0.667 4M, 14F 6M, 17F 0.54 

Handedness 3L,24R 3L,25R,2U 0.963 3L.12R,3U 2L,20R,1Ambi 0.229 
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Table 2. Mean scores across experimental groups on the questionnaire measures: Pittsburgh 

Sleep Quality Index (PSQI), Stanford Sleepiness Scale during session one (SSS1) and session 

two (SSS2). Higher scores indicate poorer outcomes. Also shown here are differences in baseline 

performance on the visuo-spatial task across experimental groups a per two measures: Number 

of loops required to reach criterion during the encoding phase, and accuracy during the 

immediate recall phase (proportion of correct responses). Values in parentheses represent 

standard deviations. 

Experimental 

Group 
PSQI SSS1 SSS2 

Number of 

Loops at 

Encoding 

Accuracy at 

Immediate 

Recall 

Young Adults 4.12 (1.87) 3 (1.22) 2.6 (1.44) 2.3 (1.38) 0.7 (0.13) 

Wake 3.92 (1.81) 2.96 (1.15) 2.51 (1.42) 2.42 (1.12) 0.7 (0.13) 

Sleep 4.26 (1.91) 3.03 (1.28) 2.66 (1.46) 2.24 (1.5) 0.7 (0.13) 

Older Adults 3.67 (1.70) 2.38 (1.08) 2.26 (1.05) 3.64 (2.77) 0.64 (0.19) 

Wake 4.07 (1.66) 2 (0.95) 2.57 (1.04) 4.43 (3.1) 0.64 (0.12) 

Sleep 3.41 (1.68) 2.63 (1.1) 2.07 (1.02) 3.27 (2.63) 0.65 (0.12) 
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Table 3. Overnight sleep-related statistics and relative distribution of sleep stages across the 

night and for SWS, NREM and REM during the first two sleep cycles of the night, for young 

(N=30) and older adults (N=23). Values in parentheses represent standard deviations.  

        

Sleep Measure (mins) Young Adults  Older Adults p-value 

Across the Night 

TST  407.60 (68.02) 396.33 (55.43) 0.521 

Sleep Latency  13.33 (16) 11.3 (10.58) 0.601 

WASO  17.59 (19.35) 45.7 (33.21) 0.001 

Sleep Efficieny (%) 88 (16) 87 (9) 0.764 

N1  45.35 (18.46) 53.7 (24.27) 0.161 

N2  166.44 (54.89) 155.17 (38.59) 0.406 

SWS  124.73 (45.53) 115.48 (33.33) 0.416 

NREM  291.17 (58.50) 270.65 (38.98) 0.153 

REM  71.08 (25.86) 69.7 (24.89) 0.845 

    First Sleep Cycle  118.2 (55.76) 96.53 (33.23) 0.131 

Total SWS 62.39 (31.09) 46.38 (17.24) 0.044 

Total NREM 96.36 (48.36) 71.65 (25.17) 0.043 

Total REM 12.18 (7.91) 16.83 (8.85) 0.080 

Second Sleep Cycle 116.25 (44.21) 91.33 (27.58) 0.042 

Total SWS 33.46 (19.01) 33.08 (16.97) 0.948 

Total NREM 111.35 (148.23) 61.44 (21.14) 0.124 

Total REM 26.93 (13.09) 21.28 (13.73) 0.182 
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APPENDIX B 

 

FIGURES 

 
Figure 1. Overnight sleep hypnogram for a typical a) young adult and b) an older adult.  
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Figure 2. Experimental procedures for the Wake and Sleep groups.  
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Figure 3. The visuo-spatial task consisted of a) a preview of the images followed by the 

encoding phase where feedback was provided, b) an immediate recall phase where feedback is 

not provided and c) an interference round where images are presented in different loca

delayed recall phase was identical to the immediate recall phase. 
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spatial task consisted of a) a preview of the images followed by the 

encoding phase where feedback was provided, b) an immediate recall phase where feedback is 

not provided and c) an interference round where images are presented in different loca

delayed recall phase was identical to the immediate recall phase.  

                    b)           c)  

Immediate Recall (and 

Delayed Recall) Phase 

Interference Condition: 

Preview and Encoding

spatial task consisted of a) a preview of the images followed by the 

encoding phase where feedback was provided, b) an immediate recall phase where feedback is 

not provided and c) an interference round where images are presented in different locations. The 

 

Interference Condition: 

Preview and Encoding 
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Figure 4. Behavioral effects of a 12-hour interval of daytime wake or overnight sleep on visuo-

spatial memory consolidation in young and older adults for a) No Interference and Interference 

conditions combined, and b) for the Interference condition alone. Comparisons were made in 

terms of the Adjusted Score ((Delayed Recall-Immediate Recall)/Immediate Recall). * p-value < 

0.05 

a)  

  

b) 
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Figure 5. Differences between young and older adults with respect to sleep cycle characteristics: 

a) Number of sleep cycles and b) Average Cycle Time, Total Cycle Time (TCT) and percent 

time spent in sleep cycles relative to total sleep time (TCT/TST).
*
p-value <0.05. 
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Figure 6. Differences between young and older adults with respect to early vs. late night sleep 

architecture, namely the amount of time spent in SWS, REM and NREM (N2 and SWS 

combined) sleep during a) the first half of the night, and b) during the second half of the night. 
*
p-value <0.05, # trend-level p-value. 
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Figure 7. Distribution of sleep stages during the first sleep cycle in young (N=24) and older 

adults (N=22). 
*
p-value <0.05, # trend-level p-value. 
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Figure 8. Differences between young and older adults with respect to EEG spectral power 

during SWS averaged across the central and frontal derivations for a) delta power density, and b) 

sigma power density. Whiskers represent minimum and maximum values, while the band 

indicates the median. 
*
p-value <0.05.  
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Figure 9. Differences between young and older adults with respect to sigma power density 

during N2 across the night averaged across the central and frontal derivations. Whiskers 

represent minimum and maximum values, while the band indicates the median. 
*
p-value <0.05. 
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Figure 10. Relationship between post-sleep changes in performance on the visuo-spatial task 

(Adjusted Score) and time spent in a) SWS during the first half of the night, and b) NREM 

during the first half of the night, for young adults (N=30).   
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Figure 11. Relationship between delta power density during SWS for the first half of the night 

and post-sleep performance changes on the visuo-spatial task in young adults.  
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Figure 12. Graphical representation of the results of the multiple regression analysis showing the 

interaction between NREM sleep and REM sleep during the first sleep cycle (SC1 NREM and 

SC1 REM respectively), and NREM sleep during the second sleep cycle (SC2 NREM) in a) 

young adults, and in b) high performing older adults. The intercept and slope for each regression 

line were used to create a simulation of the relationship between Y and X. Thus, data points do 

not represent actual data from the young and older adult samples.  

a) 

 

b) 

 

-2

-1.5

-1

-0.5

0

0 20 40 60 80 100 120

SC1 NREM

Young Adults

A
d

ju
st

ed
 S

co
re

SC2 NREM

SC1 REM

Time (mins)

-0.45

-0.30

-0.15

0.00

0 20 40 60 80 100 120

High Performing Older Adults

SC1 NREM

SC1 REM

SC2 NREM

A
d

ju
st

ed
 S

co
re

Time (mins)



62 

 

REFERENCES 

Aly, M., & Moscovitch, M. (2010). The effects of sleep on episodic memory in older and 

younger adults. Memory, 18(3), 327-334.  

Aserinsky, E., & Kleitman, N. (1955). Two types of ocular motility occurring in sleep. Journal 

of Applied Physiology, 8(1), 1-10.  

Backhaus, J., Junghanns, K., Broocks, A., Riemann, D., Hohagen, F. (2002). Test-retest 

reliability and validity of the Pittsburgh Sleep Quality Index in primary insomnia. Journal of 

Psychosomatic Research, 53(3), 737-40.  

Borbély, A. A., Baumann, F., Brandeis, D., Strauch, I. and Lehmann, D. (1981). Sleep 

deprivation; effect on sleep stages and EEG power density in man. Electroencephalography 

and Clinical Neurophysiology. 51, 483 493. 

Borbély, A. A. (1982). A two process model of sleep. Human Neurobiology, 1, 195-204. 

Born, J., & Feld, G. B. (2012). Sleep to upscale, sleep to downscale: Balancing homeostasis and 

plasticity. Neuron, 75(6), 933-935.  

Bryant, P.A., Trinder, J., Curtis, N. (2004). Sick and tired: Does sleep have a vital role in the 

immune system. Nature Reviews Immunology, 4, 457-467.  

Buboltz, W. C.,Jr, Brown, F., & Soper, B. (2001). Sleep habits and patterns of college students: 

A preliminary study. Journal of American College Health, 50(3), 131-135.  

Buckley T.M., & Schatzberg A.F. (2005). Aging and the role of the HPA axis and rhythm is 

sleep and memory consolidation. American Journal of Geriatric Psychiatry, 13(5), 344-352. 

Buysse, D. J., Reynolds, C.F., Monk, T. H., Berman, S. R., Kupfer D. J. (1989). 

The Pittsburgh Sleep Quality Index: a new instrument for psychiatric practice and research. 

Psychiatry Research, 28(2), 193-213.  

Buysse, D. J., Monk, T. H., Carrier, J., & Begley, A. (2005). Circadian patterns of sleep, 

sleepiness, and performance in older and younger adults. Sleep, 28(11), 1365-1376.  

Buzsaki, G. (1989). Two-stage model of memory trace formation: A role for "noisy" brain states. 

Neuroscience, 31(3), 551-570.  

Cabeza, R., Anderson, N. D., Houle, S., Mangels, J. A., & Nyberg, L. (2000). Age-related 

differences in neural activity during item and temporal-order memory retrieval: A positron 

emission tomography study. Journal of Cognitive Neuroscience, 12(1), 197-206.  

Cajochen, C., Munch, M., Knoblauch, V., Blatter, K., & Wirz-Justice, A. (2006). Age-related 

changes in the circadian and homeostatic regulation of human sleep. Chronobiology 

International, 23(1-2), 461-474.  

Carrier, J., Land, S., Buysse, D. J., Kupfer, D. J., & Monk, T. H. (2001). The effects of age and 

gender on sleep EEG power spectral density in the middle years of life (ages 20-60 years 

old). Psychophysiology, 38(2), 232-242.  

Carskadon, M.A., & Dement, W.C. (2011). Monitoring and staging human sleep. Principles and 

practice of sleep medicine, 5, 16-26.  



63 

 

Chauvette, S., Seigneur, J., & Timofeev, I. (2012). Sleep oscillations in the thalamocortical 

system induce long-term neuronal plasticity. Neuron, 75(6), 1105-1113.  

Cherdieu, M., Reynaud, E., Uhlrich, J., Versace, R., & Mazza, S. (2014). Does age worsen sleep-

dependent memory consolidation? Journal of Sleep Research, 23(1), 53-60.  

Cirelli, C., & Tononi, G. (2011). Molecular neurobiology of sleep. Handbook of Clinical 

Neurology, 98, 191-203.  

Colrain, I. M., Crowley, K. E., Nicholas, C. L., Afifi, L., Baker, F. C., Padilla, M., . . . Trinder, J. 

(2010). Sleep evoked delta frequency responses show a linear decline in amplitude across 

the adult lifespan. Neurobiology of Aging, 31(5), 874-883.  

Cox, R., Hofman, W. F., & Talamini, L. M. (2012). Involvement of spindles in memory 

consolidation is slow wave sleep-specific. Learning & Memory, 19(7), 264-267.  

Crowley, K., Trinder, J., & Colrain, I. M. (2002). An examination of evoked K-complex 

amplitude and frequency of occurrence in the elderly. Journal of Sleep Research, 11(2), 

129-140.  

Czeisler, C. A., Zimmerman, J. C., Ronda, J. M. et al. (1980). Timing of REM sleep is coupled 

to the circadian rhythm of body temperature in man. Sleep, 2, 329-346.  

Darchia, N., Campbell, I. G., & Feinberg, I. (2003). Rapid eye movement density is reduced in 

the normal elderly. Sleep, 26(8), 973-977.  

Daselaar, S. M., Fleck, M. S., Dobbins, I. G., Madden, D. J., & Cabeza, R. (2006). Effects of 

healthy aging on hippocampal and rhinal memory functions: An event-related fMRI study. 

Cerebral Cortex, 16(12), 1771-1782.  

Davis H.P., Small S.A., Stern Y., Mayeux R., Feldstein S.N., & Keller F.R. (2003). Acquisition, 

recall, and forgetting of verbal information in long-term memory in young, middle-aged and 

elderly individuals. Cortex, 39, 1063-1091. 

Diekelmann, S., Biggel, S., Rasch, B., & Born, J. (2012). Offline consolidation of memory varies 

with time in slow wave sleep and can be accelerated by cuing memory reactivations. 

Neurobiology of Learning and Memory, 98(2), 103-111.  

Diekelmann, S., & Born, J. (2010). The memory function of sleep. Nature Reviews 

Neuroscience, 11(2), 114-126.  

Diekelmann, S., Buchel, C., Born, J., & Rasch, B. (2011). Labile or stable: Opposing 

consequences for memory when reactivated during waking and sleep. Nature Neuroscience, 

14(3), 381-386.  

Dijk, D. J., Duffy, J. F., & Czeisler, C. A. (2001). Age-related increase in awakenings: Impaired 

consolidation of nonREM sleep at all circadian phases. Sleep, 24(5), 565-577.  

Dorokhov, V. B., Kozhedub, R. G., Arsen'ev, G. N., Kozhechkin, S. N., Ukraintseva, I., Kulikov, 

M. A., . . . Koval'zon, V. M. (2011). Sleep deprivation effect upon spatial memory 

consolidation in rats after one-day learning in a morris water maze. Zhurnal Vysshei Nervnoi 

Deiatelnosti Imeni I P Pavlova, 61(3), 322-331.  



64 

 

Dotto, L. (1996). Sleep stages, memory and learning. Canadian Medical Association Journal De 

l'Association Medicale Canadienne, 154(8), 1193-1196.  

Duffy, J. F., Zeitzer, J. M., Rimmer, D. W., Klerman, E. B., Dijk, D. J., & Czeisler, C. A. (2002). 

Peak of circadian melatonin rhythm occurs later within the sleep of older subjects. American 

Journal of Physiology. Endocrinology and Metabolism, 282(2), E297-303.  

Ellenbogen, J. M., Hulbert, J. C., Stickgold, R., Dinges, D. F., & Thompson-Schill, S. L. (2006). 

Interfering with theories of sleep and memory: Sleep, declarative memory, and associative 

interference. Current Biology , 16(13), 1290-1294.  

Ellenbogen, J. M., Payne, J. D., & Stickgold, R. (2006). The role of sleep in declarative memory 

consolidation: Passive, permissive, active or none? Current Opinion in Neurobiology, 16(6), 

716-722.  

Ficca, G., Lombardo, P., Rossi, L., & Salzarulo, P. (2000). Morning recall of verbal material 

depends on prior sleep organization. Behavioural Brain Research, 112(1-2), 159-163.  

Fogel, S. M., Jacob, J., and Smith, C.T. (2002). The role of sleep spindles in simple motor 

procedural learning. Sleep, 25: A279–A280. 

Fogel, S. M., & Smith, C. T. (2006). Learning-dependent changes in sleep spindles and stage 2 

sleep. Journal of Sleep Research, 15(3), 250-255.  

Fogel, S. M., Smith, C. T., & Cote, K. A. (2007). Dissociable learning-dependent changes in 

REM and non-REM sleep in declarative and procedural memory systems. Behavioural 

Brain Research, 180(1), 48-61.  

Gais, S., Molle, M., Helms, K., & Born, J. (2002). Learning-dependent increases in sleep spindle 

density. The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 

22(15), 6830-6834.  

Giuditta, A., Ambrosini, M.V., Montagnese, P., Mandile, P., Contugno, M., Grassi, Z.G., & 

Vescia, S. (1995). The sequential hypothesis of the function of sleep. Behavioural Brain 

Research, 69(1-2), 157-166.  

Griessenberger, H., Hoedlmoser, K., Heib, D. P., Lechinger, J., Klimesch, W., & Schabus, M. 

(2012). Consolidation of temporal order in episodic memories. Biological Psychology, 

91(1), 150-155.  

Grieser C., Greenber R., & Harrison R.H. (1972). The adaptive function of sleep: the differential 

effects of sleep and dreaming on recall. Journal of Abnormal Psychology, 80(3), 280-286. 

Grosmark, A. D., Mizuseki, K., Pastalkova, E., Diba, K., & Buzsaki, G. (2012). REM sleep 

reorganizes hippocampal excitability. Neuron, 75(6), 1001-1007.  

Hagewoud, R., Bultsma, L. J., Barf, R. P., Koolhaas, J. M., & Meerlo, P. (2011). Sleep 

deprivation impairs contextual fear conditioning and attenuates subsequent behavioural, 

endocrine and neuronal responses. Journal of Sleep Research, 20(2), 259-266.  

Hoddes, E., Zarcone, V., Smythe, H., Phillips, R., & Dement, W. C. (1973). Quantification of 

sleepiness: A new approach. Psychophysiology, 10(4), 431-436.  

Holland, G. J. (1968). Effects of limited sleep deprivation on performance of selected motor 

tasks. Research Quarterly, 39(2), 285-294.  



65 

 

Iber, C., Ancoli-Israel, S., Chesson, A., Quan, S.F. (2007). The AASM manual for 

the scoring of sleep and associated events: rules, terminology, and technical 

specification, 1st ed. Westchester, IL: American Academy of Sleep 

Medicine 

Jenkins, J. G., & Dallenbach, K. M. (1924). Oblivescence during sleep and waking. American 

Journal of Psychology, 35(4), 605-612.  

Kilgore, W. D. (2010). Effects of sleep deprivation on cognition. Progress in Brain Research, 

185, 105-129.  

Lombardo, P., Formicola, G., Gori, S., Gneri, C., Massetani, R., Murri, L., . . . Salzarulo, P. 

(1998). Slow wave sleep (SWS) distribution across night sleep episode in the elderly. Aging, 

10(6), 445-448.  

Lund, H. G., Reider, B. D., Whiting, A. B., & Prichard, J. R. (2010). Sleep patterns and 

predictors of disturbed sleep in a large population of college students. The Journal of 

Adolescent Health, 46(2), 124-132.  

Madsen, P. L., Schmidt, J. F., Wildschiodtz, G., Friberg, L., Holm, S., Vorstrup, S., & Lassen, N. 

A. (1991). Cerebral O2 metabolism and cerebral blood flow in humans during deep and 

rapid-eye-movement sleep. Journal of Applied Physiology, 70(6), 2597-2601.  

Mander, B. A., Rao, V., Lu, B., Saletin, J. M., Lindquist, J. R., Ancoli-Israel, S., . . . Walker, M. 

P. (2013). Prefrontal atrophy, disrupted NREM slow waves and impaired hippocampal-

dependent memory in aging. Nature Neuroscience, 16(3), 357-364.  

Marshall, L., Helgadottir, H., Molle, M., & Born, J. (2006). Boosting slow oscillations during 

sleep potentiates memory. Nature, 444(7119), 610-613.  

Mazzoni, G., Gori, S., Formicola, G., Gneri, C., Massetani, R., Murri, L., & Salzarulo, P. (1999). 

Word recall correlates with sleep cycles in elderly subjects. Journal of Sleep Research, 8(3), 

185-188.  

Mecacci, L., Zani, A., Rochetti, G., Lucioli, R. (1986). The relationships between morningness-

eveningness, ageing and personality. Personality and Individual Differences, 7(6), 911-913. 

Monk, T. H. (2005). Aging human circadian rhythms: Conventional wisdom may not always be 

right. Journal of Biological Rhythms, 20(4), 366-374.  

Murty, V. P., Sambataro, F., Das, S., Tan, H. Y., Callicott, J. H., Goldberg, T. E., . . . Mattay, V. 

S. (2009). Age-related alterations in simple declarative memory and the effect of negative 

stimulus valence. Journal of Cognitive Neuroscience, 21(10), 1920-1933.  

Neikrug, A. B., & Ancoli-Israel, S. (2010). Sleep disorders in the older adult - a mini-review. 

Gerontology, 56(2), 181-189.  

Nicholas, C. L., Trinder, J., & Colrain, I. M. (2002). Increased production of evoked and 

spontaneous K-complexes following a night of fragmented sleep. Sleep, 25(8), 882-887.  

Nicolas, A., Petit, D., Rompre, S., & Montplaisir, J. (2001). Sleep spindle characteristics in 

healthy subjects of different age groups. Clinical Neurophysiology, 112(3), 521-527.  



66 

 

Nyberg, L., Maitland, S. B., Ronnlund, M., Backman, L., Dixon, R. A., Wahlin, A., & Nilsson, 

L. G. (2003). Selective adult age differences in an age-invariant multifactor model of 

declarative memory. Psychology and Aging, 18(1), 149-160.  

Ohayon, M. M. (2004). Sleep and the elderly. Journal of Psychosomatic Research, 56(5), 463-

464.  

Pace-Schott, E. F., & Spencer, R. M. (2011). Age-related changes in the cognitive function of 

sleep. Progress in Brain Research, 191, 75-89.  

Peigneux, P., Laureys, S., Fuchs, S., Collette, F., Perrin, F., Reggers, J., . . . Maquet, P. (2004). 

Are spatial memories strengthened in the human hippocampus during slow wave sleep? 

Neuron, 44(3), 535-545.  

Plihal, W., & Born, J. (1997). Effects of early and late nocturnal sleep on declarative and 

procedural memory. Journal of Cognitive Neuroscience, 9(4), 534-547.  

Porkka-Heiskanen, T., Zitting, K. M., & Wigren, H. K. (2013). Sleep, its regulation and possible 

mechanisms of sleep disturbances. Acta Physiologica, 208(4), 311-328.  

Rasch, B., Buchel, C., Gais, S., & Born, J. (2007). Odor cues during slow-wave sleep prompt 

declarative memory consolidation. Science, 315(5817), 1426-1429.  

Ronnlund, M., Nyberg, L., Backman, L., & Nilsson, L. G. (2005). Stability, growth, and decline 

in adult life span development of declarative memory: Cross-sectional and longitudinal data 

from a population-based study. Psychology and Aging, 20(1), 3-18.  

Ruch, S., Markes, O., Duss, S. B., Oppliger, D., Reber, T. P., Koenig, T., . . . Henke, K. (2012). 

Sleep stage II contributes to the consolidation of declarative memories. Neuropsychologia, 

50(10), 2389-2396.  

Rudoy, J. D., Voss, J. L., Westerberg, C. E., & Paller, K. A. (2009). Strengthening individual 

memories by reactivating them during sleep. Science, 326(5956), 1079.  

Salat, D. H., Tuch, D. S., Hevelone, N. D., Fischl, B., Corkin, S., Rosas, H. D., & Dale, A. M. 

(2005). Age-related changes in prefrontal white matter measured by diffusion tensor 

imaging. Annals of the New York Academy of Sciences, 1064, 37-49.  

Schabus, M., Gruber, G., Parapatics, S., Sauter, C., Klosch, G., Anderer, P., . . . Zeitlhofer, J. 

(2004). Sleep spindles and their significance for declarative memory consolidation. Sleep, 

27(8), 1479-1485.  

Schulz, H., Dirlich, G., Balteskonis, S., & Zulley, J. (1980). The REM-NREM sleep cycle: 

Renewal process or periodically driven process? Sleep, 2(3), 319-328.  

Shrager, Y., Bayley, P. J., Bontempi, B., Hopkins, R. O., & Squire, L. R. (2007). Spatial memory 

and the human hippocampus. Proceedings of the National Academy of Sciences of the 

United States of America, 104(8), 2961-2966. doi:10.1073/pnas.0611233104  

Siapas, A. G., & Wilson, M. A. (1998). Coordinated interactions between hippocampal ripples 

and cortical spindles during slow-wave sleep. Neuron, 21(5), 1123-1128.  

Siegel, J.M. (2001). The REM sleep-memory consolidation hypothesis. Science, 294(5544), 

1058-63. 



67 

 

Siengsukon, C. F., & Boyd, L. A. (2008). Sleep enhances implicit motor skill learning in 

individuals poststroke. Topics in Stroke Rehabilitation, 15(1), 1-12.  

Smith, C. (1996). Sleep states, memory processes and synaptic plasticity. Behavioural Brain 

Research, 78(1), 49-56.  

Smith, C., & Butler, S. (1982). Paradoxical sleep at selective times following training is 

necessary for learning. Physiology & Behavior, 29(3), 469-473.  

Smith, C., & Rose, G. M. (1996). Evidence for a paradoxical sleep window for place learning in 

the morris water maze. Physiology & Behavior, 59(1), 93-97.  

Smith, C., & Rose, G. M. (1997). Posttraining paradoxical sleep in rats is increased after spatial 

learning in the morris water maze. Behavioral Neuroscience, 111(6), 1197-1204.  

Smith, C., & Weeden, K. (1990). Post training REMs coincident auditory stimulation enhances 

memory in humans. Psychiatric Journal of the University of Ottawa, 15(2), 85-90.  

Smith, C., & Wong, P. T. (1991). Paradoxical sleep increases predict successful learning in a 

complex operant task. Behavioral Neuroscience, 105(2), 282-288.  

Spencer, R. M., Gouw, A. M., & Ivry, R. B. (2007). Age-related decline of sleep-dependent 

consolidation. Learning & Memory, 14(7), 480-484.  

Spencer, R. M., Sunm, M., & Ivry, R. B. (2006). Sleep-dependent consolidation of contextual 

learning. Current Biology : CB, 16(10), 1001-1005.  

Spencer, R. M. C. (2013). Neurophysiological basis of sleep’s function on memory and 

cognition. ISRN Physiology, Article ID 619319.  

Spiegel, K., Leproult, R., & Cauter, E.V. (1999). Impact of sleep dept on metabolic and 

endocrine function. The Lancet, 354(9188), 1435-1439.  

Stickgold, R., Hobson, J. A., Fosse, R., & Fosse, M. (2001). Sleep, learning, and dreams: Off-

line memory reprocessing. Science, 294(5544), 1052-1057.  

Stickgold, R., (2001). Toward a cognitive neuroscience of sleep. Sleep Medicine Reviews, 5(6), 

417-421.  

Squire, L. R. (2004). Memory Systems of the brain: A brief history and current perspective. 

Neurobiology of Learning and Memory, 82, 171-177.  

Takashima, A., Petersson, K. M., Rutters, F., Tendolkar, I., Jensen, O., Zwarts, M. J., . . . 

Fernandez, G. (2006). Declarative memory consolidation in humans: A prospective 

functional magnetic resonance imaging study. Proceedings of the National Academy of 

Sciences of the United States of America, 103(3), 756-761.  

Talamini, L. M., Nieuwenhuis, I. L., Takashima, A., & Jensen, O. (2008). Sleep directly 

following learning benefits consolidation of spatial associative memory. Learning & 

Memory, 15(4), 233-237.  

Tamaki, M., Matsuoka, T., Nittono, H., & Hori, T. (2009). Activation of fast sleep spindles at the 

premotor cortex and parietal areas contributes to motor learning: A study using sLORETA. 

Clinical Neurophysiology, 120(5), 878-886.  



68 

 

Terry, J. R., Anderson, C., & Horne, J. A. (2004). Nonlinear analysis of EEG during NREM 

sleep reveals changes in functional connectivity due to natural aging. Human Brain 

Mapping, 23(2), 73-84.  

Tononi, G., & Cirelli, C. (2003). Sleep and synaptic homeostasis: A hypothesis. Brain Research 

Bulletin, 62(2), 143-150.  

Tulving, E., & Markowitsch, H. J. (1998). Episodic and declarative memory: Role of the 

hippocampus. Hippocampus, 8(3), 198-204.  

Urakami, Y., Ioannides, A. A., Kostopoulos, G. K. (2012). Sleep Spindles- As a biomarker of 

brain function and plasticity. Advances in Clinical Neurophysiology (Chapter 4:73-108). 

Croatia: InTech.  

Vakil E., & Agmon-Ashkenazi D. (1997). Baseline performance and learning rate of procedural 

and declarative memory tasks: younger versus older adults. The Journals of Gerontology, 

52(5), 229-234.  

van der Helm, E., Gujar, N., Nishida, M., & Walker, M. P. (2011). Sleep-dependent facilitation 

of episodic memory details. PloS One, 6(11), e27421.  

Vertes, R. P. (2004). Memory consolidation in sleep; dream or reality. Neuron, 44(1), 135-148.  

Vertes, R.P., & Siegel, J. M. (2000). The case against memory consolidation in REM sleep. 

Behavioral and Brain Sciences, 23(6), 867-876.  

Vertes, R. P., & Siegel, J. M. (2005). Time for the sleep community to take a critical look at the 

purported role of sleep in memory processing. Sleep, 28(10), 1228-9; discussion 1230-3.  

Wagner, T., Axmacher, N., Lehnertz, K., Elger, C. E., & Fell, J. (2010). Sleep-dependent 

directional coupling between human neocortex and hippocampus. Cortex, 46(2), 256-263.  

Walker, M. P., Brakefield, T., Morgan, A., Hobson, J. A., & Stickgold, R. (2002). Practice with 

sleep makes perfect: Sleep-dependent motor skill learning. Neuron, 35(1), 205-211.  

Walker, M. P., & Stickgold, R. (2006). Sleep, memory, and plasticity. Annual Review of 

Psychology, 57, 139-166.  

Westerberg, C. E., Mander, B. A., Florczak, S. M., Weintraub, S., Mesulam, M. M., Zee, P. C., 

& Paller, K. A. (2012). Concurrent impairments in sleep and memory in amnestic mild 

cognitive impairment. Journal of the International Neuropsychological Society, 18(3), 490-

500.  

Wilhelm, I., Diekelmann, S., Molzow, I., Ayoub, A., Mölle, M., & Born, J. (2011). Sleep 

selectively enhances memory expected to be of future relevance. The Journal of 

Neuroscience, 31(5), 1563-1569.  

Wilson, J. K., Baran, B., Pace-Schott, E. F., Ivry, R. B., & Spencer, R. M. (2012). Sleep 

modulates word-pair learning but not motor sequence learning in healthy older adults. 

Neurobiology of Aging, 33(5), 991-1000.  

Wilson, M. A., & McNaughton, B. L. (1994). Reactivation of hippocampal ensemble memories 

during sleep. Science (New York, N.Y.), 265(5172), 676-679.  



69 

 

Yang, R. H., Hou, X. H., Xu, X. N., Zhang, L., Shi, J. N., Wang, F., . . . Chen, J. Y. (2011). 

Sleep deprivation impairs spatial learning and modifies the hippocampal theta rhythm in 

rats. Neuroscience, 173, 116-123. 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Age-Related Changes in Sleep-Dependent Consolidation of Visuo-Spatial Memory
	Recommended Citation

	Microsoft Word - 410529-convertdoc.input.398555.l0SCK.docx

