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ABSTRACT 

  Prior research shows that a contextual reminder can return a previously consolidated 

memory to an unstable state similar to initial encoding. New knowledge presented before the 

trace is reconsolidated can emerge as updating of the first experience with knowledge from the 

second. Sleep has been implicated in the long-term strengthening and storage of newly acquired 

episodic memories; thus, the delay-dependent emergence of intrusions may be facilitated by a 

delay containing sleep. The experiments described here explore this possibility by tracking sleep 

while participants undergo an episodic reconsolidation paradigm, which involves learning two 

sets of information and a recall task, all separated by 48 hours. Prior work using this paradigm 

shows that reminding participants of the first learning experience prior to learning the second 

renders them more likely to intrude information from the second set in their recall of the first. In 

the present study, Experiment 1 compares amount of sleep across days in order to tease apart the 

differential effects on consolidation of the original Set 1 memory and its reconsolidation when it 

is updated with Set 2. In Experiment 2, the first analysis (Analysis A) identifies events in the 

sleep EEG, such as spindles, that are associated with certain elements of memory consolidation, 

and expands on the parameters in which they occur in memory reconsolidation in Analysis B. 

The overall aim of this project is to use sleep as a means to inform the nature of memory 

reconsolidation, which paints memory as ever changeable. 
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CHAPTER 1:  

OVERVIEW 

1.1 The Dynamic Nature of Memory 

 It is astonishing how much strength the interval of a night gives it…and 

whether it be that reminiscence, which is the most efficient quality of the memory, 

is cherished or matured; certain it is, that what could not be repeated at first is 

readily put together on the following day; and the very time which is generally 

thought to cause forgetfulness is found to strengthen the memory… the power of 

recollection undergoes a process of ripening and maturing during the time which 

intervenes. 

 

 Generations ahead of his time, Quintilian (Quintilian & Moreschini, 1969) made 

observations about the nature of memory that research has only begun to tease apart in the last 

few decades. First, he stated that memory is strengthened, not forgotten, with time; in fact, it is 

time itself that supports a memory’s emergence. He also noted the significance of sleep in this 

process—rather than any time interval, it is the one that occurs at night which allows this process 

to unfold. Importantly, Quintilian remarked on the efficiency of recollection regardless of the 

memory’s age or importance. But perhaps most endearing is Quintilian’s definition of memory 

processes as “ripening and maturing,” as this captures an underappreciated quality that memories 

change over time.  

What came so naturally to Quintilian is that sleep can inform the very nature of memory 

as a dynamic, adaptable system. Indeed, research demonstrates that sleep plays an important role 

in how memories are strengthened over time, a set of processes collectively referred to as 

consolidation (Diekelmann & Born, 2010; Gais, Lucas, & Born, 2006; Rasch, Büchel, Gais, & 
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Born, 2007; Stickgold & Walker, 2007; Talamini, Nieuwenhuis, Takashima, & Jensen, 2008). 

However, memories are not fixed; rather, a consolidated memory can be reactivated, updated 

with a different experience, and reconsolidated to include both the old and new information 

(Hupbach, Gomez, Hardt, & Nadel, 2007; Hupbach, Gomez, & Nadel, 2009, 2011; Hupbach, 

Hardt, Gomez, & Nadel, 2008). While a growing body of research investigates sleep and 

memory, much of it is done under an outdated assumption that consolidation entails the transfer 

of a temporary trace to a permanent, long-term store (Diekelmann & Born, 2010), rather than the 

more nuanced version that memories are constantly changing with time and experience (Nader & 

Hardt, 2009). Furthermore, other models operating under this assumption predict that, rather than 

demonstrating memory’s malleability, reconsolidation is simply the product of errors occurring 

at retrieval. The purpose of this project is to investigate an established paradigm of 

reconsolidation within the framework of sleep to explore the mechanisms by which memories for 

experiences transform over time. 

1.2 Hippocampus-dependent Memory 

The notion of memory consolidation, and the brain areas involved, was shaped in large 

part by early studies of amnesia. One of the most famous cases involved a patient named H.M., 

who had bilateral extraction of the hippocampus extending to surrounding medial temporal lobe 

(MTL) structures. While H.M. had a profound inability to create new memories for information 

that required explicit recollection, his short-term memory, remote memories, and acquisition of 

implicit learning of skills were thought to be unimpaired (Nadel & Hardt, 2011; Zola-Morgan & 

Squire, 1993). These patterns of impairment were used to determine the MTL’s contribution to a 

particular type of memory for explicit awareness of facts and events. This was deemed 
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“declarative” memory, the counterpart to which was non-declarative skills and habits (Zola-

Morgan & Squire, 1993).   

The short-term nature of H.M.’s memory implied that the MTL played a transient role in 

memory storage, which became what is referred to as the “standard model” of memory 

consolidation (Nadel, Winocur, Ryan, & Moscovitch, 2007). The hippocampus rapidly creates a 

fragile representation that must be stabilized for long-term use. “Consolidation” thus entails 

“transfer” of the memory representation for permanent storage, likely somewhere in cortex 

(Squire & Zola-Morgan, 1991). This framework was useful for early connectionist models in 

demonstrating the role of the hippocampus in solving the problems that arise from storing 

information in a system of overlapping but disparate representations, such as in neocortex 

(McClelland, McNaughton, & O’Reilly, 1995). For instance, without a pattern-separating 

component, acquiring new knowledge all at once would lead to catastrophic interference (i.e., 

forgetting due to saturation of neural networks). If information is added gradually, and in an 

interleaved manner with existing knowledge structures, such interference is reduced; however, 

this type of learning does not account for the rapid formation of memory necessary to meet the 

demands of day-to-day life. Instead, there must be a fast-encoding and pattern-separating “index” 

to coordinate distributed sensory representations, such as the hippocampus, which must 

repeatedly reinstate the memory during offline periods such as sleep in order to train the 

neocortical circuits (Wilson & McNaughton, 1994). Thus, this model predicts that the now-

superfluous hippocampal link should fade from the representation once the memory is 

permanently stabilized in cortex (McClelland et al., 1995; Nadel et al., 2007). 

A number of problems with the standard theory led to the development of multiple trace 

theory (MTT; Nadel & Moscovitch, 1997). First, the standard model’s account of the 
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hippocampus as a generic index is difficult to reconcile with its highly specialized function in 

coding spatial and contextual information (O’Keefe & Nadel, 1978). Instead, MTT posits that the 

hippocampus provides spatiotemporal structure within which the sensory details of an event can 

be bound into a coherent episode (Nadel, Samsonovich, Ryan, & Moscovitch, 2000). This 

requires that the so-called “declarative” subdomain of memory be further specified into detailed 

memories for events, or episodic memory, and general, gist-like semantic knowledge (Tulving, 

1972). Second, given this clarified role for the hippocampus, its temporary role in the storage of 

memory is no longer a viable component to the theory. In fact, the hippocampus must always 

play a role in the encoding and recall of episodic memory given that it is representing the 

contextual details (what-where-when) of an experience (Ryan et al., 2001). Finally, the 

assumption that consolidation implies transfer to neocortical sites, resulting in a fixed memory 

trace, ignores the rich body of literature demonstrating the susceptibility of memory to decay 

(Hardt, Nader, & Nadel, 2013), interference (Hardt et al., 2013; McClelland et al., 1995), and 

distortion (Loftus, 2005). Further, research in reconsolidation indicates that even a consolidated 

memory can be reactivated and modified with new information (Hupbach et al., 2007, 2009, 

2011, 2008), as I unpack in the following section. 

1.3 Memory Reconsolidation 

According to the standard model, memories are gradually redistributed to 

extrahippocampal sites for permanent storage; however, research in reconsolidation shows that a 

previously consolidated memory is not fixed, but instead can be reactivated, often by using a 

spatial-contextual reminder (Hupbach et al., 2007). In this paradigm (illustrated in Figure 1a), 

subjects learn two sets of objects separated by 48 hours (Sets 1 and 2). Half of the sample is 

reminded of the previous experience prior to learning the second set. At test 48 hours later, 
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subjects in the reminder condition show more Set 2 items intruding into their recall of Set 1 

compared to the no-reminder condition (Figure 1b), indicating the original memory was updated 

to include both the old and new information. That these Set 2 to Set 1 intrusions are confined to 

the reminder group suggests that the reminder destabilizes the original memory, which is then 

reconsolidated to include both the old and new items (Hupbach et al., 2007, 2009, 2011, 2008).  

 

Figure 1. Task paradigm (A) and results (B) of Hupbach et al. (2007). Adapted from Hupbach et al., 2007. 

 It is important to note a few things about these and subsequent results documenting this 

effect. First, Set 1 correct recall was not statistically significantly diminished in the reminder 

group, which makes it unlikely that the effect is due to interference by the Set 2 items of the Set 

1 memory (Figure 1b; Hupbach et al., 2007). Additionally, reconsolidation is time-dependent, as 

intrusions are unlikely to occur when subjects are tested immediately after learning Set 2. In 

other words, the novel Set 2 information becomes incorporated into the reactivated Set 1 

memory only after a period of restabilization (Hupbach et al., 2007, 2011). Third, replacing free 

A	

B	

0!

10!

20!

30!

40!

50!

recall (Set 1)! intrusions (Set 2)!

M
ea

n 
pe

rc
en

ta
ge

 o
f o

bj
ec

ts
 re

ca
lle

d! reminder!
no reminder!

Learn Set 1

Session 1
0 hr

Session 2
48 hr

Recall
Set 1

Session 3
96 hr

Context A Context A

               Learn Set 2

Reminder

No reminder
No reminder

Context B

Context A



 14 

recall with a recognition task that assesses the day on which an item was learned shows that this 

effect is unidirectional; in other words, Set 2 items are misattributed to Set 1 and not the other 

way around. This finding implies that the increased intrusions in the reminder group reflect 

destabilization of the first memory as a function of the reminder as opposed to source memory 

confusion at test (Hupbach et al., 2007, 2009). Finally, a study varying the aspects of the 

reminder shows that returning to the same room as the first learning experience elicits more 

intrusions than any combination of experimenter or audiovisual reminder consistent with the 

prior session (Hupbach et al., 2008). It seems that, consistent with MTT, the spatial context 

provides a framework to which details of the Set 1 memory can bind; thus, returning to the same 

room reactivates the hippocampal link to the old memory, where it is updated with the new 

elements in the Set 2 memory (Hupbach et al., 2011, 2008).  

1.4 Competing Models 

The work on reconsolidation calls into question the assumptions made by the standard 

model, as well as subsequent hypotheses relying on those assumptions. For the purposes of this 

literature review, I will focus on two models: The active systems consolidation model of sleep 

(Diekelmann & Born, 2010) and the temporal context model (TCM; Sederberg, Gershman, 

Polyn, & Norman, 2011).  

1.4.1 Active Systems Consolidation 

Echoing the complementary learning systems account, active systems consolidation 

posits that memory is encoded in parallel in both the hippocampus and neocortex, which 

represent temporary and long-term storage systems, respectively. Information transfer happens 

during sleep as a function of specialized oscillatory communication between these structures. 

This long-range, precisely-timed reverberatory activity is hypothesized to provide a spatio-
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temporal window for hippocampal-neocortical information transfer during sleep, resulting in the 

restructuring of memory traces over time (Diekelmann & Born, 2010). However, while evidence 

suggests a causal role of specific sleep stages and oscillations in coordinating hippocampal 

replay with cortex for later remembering (Diekelmann & Born, 2010; Rasch et al., 2007), it does 

not necessarily support the transfer of information to another part of the brain per se. 

Furthermore, like the standard model, a core assumption of active systems theory is that 

consolidation has an “endpoint,” after which memories are no longer modifiable or dependent on 

the hippocampus. However, work on episodic memory reconsolidation shows that neither of 

these is true; in fact, a contextual reminder can trigger hippocampal reactivation of long-

consolidated memories, and lead to updating of the previous trace with new information.  

1.4.2 Temporal Context Model 

Rather than reactivation and updating of a prior memory, TCM posits that intrusions in 

the reconsolidation findings reflect misremembering due to overlapping representations in the 

Set 2 memory (Sederberg et al., 2011). In this model, memory is created via item-to-context and 

item-to-item associations. “Context” in this sense refers to a recency-weighted average of 

experience. Thus, reinstating an item in memory also reinstates its temporal context, which then 

triggers remembering of all items associated with that context. Applied to the reconsolidation 

results, Set 1 and Set 2 are associated with their own respective temporal contexts in the no-

reminder condition (Figure 2). In the reminder group however, reinstating the Set 1 context 

causes Set 2 to be associated with both the Set 1 context and its own unique context. Thus, 

recalling Set 1 items will trigger the accidental recall of items from Set 2 but not the other way 

around, explaining the unidirectional effect of intrusions (Sederberg et al., 2011).  
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Figure 2. The Temporal Context Model applied to the reconsolidation paradigm used in Hupbach et al. (2007, 2008, 2009) 
Adapted from Sederberg et al. (2011). 

There are two main issues with TCM. First, like the prior models, TCM ignores the 

highly specialized role of the hippocampus in coding the spatial details of an event (Hupbach et 

al., 2011; Sederberg et al., 2011). The authors admit that the model is nonspecific about the 

aspects of the reminder that would elicit intrusions (Sederberg et al., 2011), and thus fails to 

explain the result that spatial context is the most effective component (Hupbach et al., 2008). 

Second, while TCM can explain the delay-dependent nature of reconsolidation, it does not 

account for memory enhancement that occurs when the delay contains sleep (e.g., Diekelmann & 

Born, 2010; Ellenbogen, Hulbert, Stickgold, Dinges, & Thompson-Schill, 2006; Gais et al., 

2006). According to TCM, the delayed test is more likely to elicit intrusions since the day 3 

temporal context is associated with both Set 1 and Set 2, whereas the immediate test in the day 2 

temporal context will primarily elicit recall of Set 2. In other words, in TCM the delay is 
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is a change in the recency of the item and its associated temporal context, which thus influences 

which set is retrieved. In this way, incorrect responses in the reconsolidation paradigm can be 

thought of as “retrieval errors” rather than a result of reconsolidation; after all, there is no 

credence given to the process of consolidating the memory of each set, only processes occurring 

at encoding and retrieval. This omission ignores the rich literature surrounding memory 

consolidation, as well as the role that sleep plays in memory (Diekelmann & Born, 2010; Gais et 

al., 2006; Rasch et al., 2007; Stickgold & Walker, 2007; Talamini et al., 2008) and 

reconsolidation in particular (Klinzing, Rasch, Born, & Diekelmann, 2016; Walker et al., 2003).  

1.5 Overview of the Present Studies 

The purpose of this project is to use sleep as a framework to explore human episodic 

memory reconsolidation, and to identify mechanisms by which memories transform over time. 

Experiment 1 uses actigraphy to measure sleep amount while participants undergo the 

reconsolidation paradigm established by Hupbach et al. (2007, 2008, 2009, 2011). An actigraph 

is a motion-sensitive instrument that, when used in tandem with self-report, can provide an 

inexpensive but reliable measure of sleep amount (Ancoli-Israel et al., 2003). The aim is to 

determine whether amount of sleep contributes to reactivation and reconsolidation. Experiment 2 

uses to polysomnographic (PSG) recording during the paradigm to investigate potential 

mechanisms contributing to sleep-dependent memory reconsolidation. The sleep EEG is then 

explored for mechanisms in two phases (Analysis A and Analysis B). In Analysis A, the focus is 

on sleep stages and oscillations underlying initial consolidation and reconsolidation of the 

reactivated memory. In Analysis B, oscillatory activity is further explored for subtle differences 

predicting reconsolidation.  
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Foreshadowing the results, Experiment 1 shows that updating of the Set 1 memory with 

Set 2 items, but not errors attributing Set 1 items to the Set 2 memory, relates to sleep amount as 

measured by actigraphy. More specifically, less sleep after learning Set 1 and more sleep after 

learning Set 2 predicts more intrusions when Set 2 is preceded by a contextual reminder. In 

Experiment 2, Analysis A demonstrates that sleep spindles predict intrusions for those who were 

reminded of Set 1 before learning Set 2, but only when spindles are low in the sleep after 

learning Set 1. Further investigation in Analysis B indicates that N2 spindles specifically support 

memory updating, whereas SWS spindles may promote veridical consolidation of Set 2. In the 

conclusion, I explore two explanations for the role of spindles in memory updating and 

reconsolidation: item-to-context binding and decontextualization. In addition, I capitalize on the 

modified version of the reconsolidation paradigm for sleep to entertain a post-hoc hypothesis 

regarding TCM that compares the specific spatial context of the testing room to the more global 

temporal context of the sleep study experience. The dissertation ends with a discussion of future 

directions, including other potential mechanisms of sleep-dependent memory transformation. 
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CHAPTER 2: EXPERIMENT 1.  

MEMORY UPDATING AS PREDICTED BY AMOUNT OF SLEEP 

2.1 Introduction 

Experiment 1 uses actigraphy to determine whether the amount of sleep after learning 

contributes to the reactivation and updating of a previously consolidated memory. The aim for 

this project draws from the rich literature describing how memories are consolidated across a 

night of sleep. For instance, Gais, Lucas, & Born (2006) showed that sleep after learning results 

in better recall of words compared to an equal period of wake. Such benefits are observed even 

when time-of-day is controlled, indicating offline processes protect new memories for later 

recollection (Gais et al., 2006; Talamini et al., 2008). Just as early work in amnesia used the 

declarative/non-declarative distinction to determine the involvement of the hippocampus in 

memory, this framework has been useful in conceptualizing how particular stages of sleep act on 

different memory systems via the brain areas shared between them (Plihal & Born, 1997). 

Whereas Experiment 2 will focus on stages and their associated brain oscillations to investigate 

mechanisms of reconsolidation, I briefly review this literature here to provide a framework for 

later discussion of Experiment 1. 

Sleep is classified into stages based on distinguishing characteristics in the EEG. Broadly, 

sleep is made up of 90-minute phases involving alternations between non-rapid eye movement 

(NREM) and rapid eye movement (REM) sleep. Non-rapid eye movement sleep (NREM) is 

further separated into three distinct stages: N1, which indexes the transition into sleep; N2, a 

stage marked by EEG events called spindles and K-complexes; and N3, whose EEG is consumed 

primarily by large amplitude delta waves (0 to 4 Hz) as well as spindles. This last stage is also 

widely referred to as slow-wave sleep (SWS) as a function of the slow, synchronous waves 

projecting across the cortex (Diekelmann & Born, 2010). Furthermore, whereas SWS dominates 
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the first half of sleep, REM is more prevalent in the second half of sleep (Diekelmann & Born, 

2010; Plihal & Born, 1997).  

This naturally-occurring pattern in the sleep architecture has been a useful distinction for 

early research demonstrating how these stages of sleep contribute to declarative and non-

declarative memory systems. In a seminal study, Plihal and Born (1997) administered a split-

night paradigm in which participants were trained and tested on two types of information: a 

declarative task using word-pair associates, and a procedural (non-declarative) task involving 

mirror tracing. Participants were separated into an early sleep group, who was trained at bedtime 

and awoken for testing 4 hours into sleep, and a late sleep group, who slept for 4 hours before 

being awoken for training, went back to sleep, then participated in the test in the morning. The 

results indicated that the group whose post-learning sleep consisted of early, SWS-rich sleep 

showed better retention on the word-pair associates task (but not the mirror-tracing task) than the 

late sleep group. However, the group whose post-learning sleep consisted of late, REM-rich 

sleep exceled on the mirror-tracing task (but not the word-pair associates task). These findings 

led to the dual-process theory of sleep and memory consolidation, in which declarative memory, 

or memory depending on the hippocampus, is primarily consolidated by SWS, and non-

declarative memory, which does not depend on the hippocampus, is preferentially processed 

during REM. 

Around this time, memory research began to shift toward SWS as a focus for research on 

hippocampus-dependent memory. The long-range reverberatory activity comprising this stage 

was an excellent candidate for offline hippocampal to neocortex communication, which was 

thought to indicate transfer of information to long-term sites (Wilson & McNaughton, 1994). 

Demonstrating a causal role of SWS in hippocampus-dependent memory consolidation in 
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humans, Rasch, Büchel, Gais, and Born (2007) exposed subjects to an odor during learning of an 

object location task. Re-exposure to this odor during SWS elicited memory gains at test the 

following morning compared to subjects who were not exposed to an odor, as well as subjects 

who were instead re-exposed during REM sleep or post-sleep test. Importantly, functional 

magnetic resonance images revealed increased activation in left anterior hippocampus and 

neocortical sites in the presence of the odor; however, the activation was stronger during SWS 

than during wake. The authors conclude that this co-activation of hippocampal and neocortical 

sites indicated SWS coordination of these brain areas for memory consolidation and later 

remembering (Rasch et al., 2007).  

2.2 Experiment 1 

Given the role of sleep in hippocampally-mediated memory consolidation (Diekelmann 

& Born, 2010; Rasch et al., 2007), it follows that sleep also plays a role in the reconsolidation of 

episodic memories following contextual reactivation and updating. Prior studies stress the need 

for a period of restabilization after a memory is reactivated, which indicates involvement of 

cellular consolidation processes such as protein synthesis (Nader et al., 2000). Indeed,  

reactivated procedural (Walker et al., 2003) and declarative memories (Klinzing et al., 2016) 

have been shown to necessitate a period of sleep in order to show reconsolidation. Thus, episodic 

memory reconsolidation and updating could be not only time-dependent (Debiec, LeDoux, & 

Nader, 2002; Hupbach et al., 2007; Nader et al., 2000) but also sleep-dependent (Klinzing et al., 

2016; Walker et al., 2003). 

Experiment 1 uses a combination of actigraphy and self-report to determine participant 

total sleep time (TST) the night after learning each set of objects, which is then regressed on 

intrusions to determine the extent to which sleep is necessary for reconsolidation. In addition to 
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intrusions (or Set 2 items attributed to Set 1), sleep will also be compared to Set 1 items 

misremembered as Set 2 (retrieval errors; Figure 3a) to determine whether the relationship is 

unidirectional. Since sleep facilitates memory consolidation (Diekelmann & Born, 2010; Rasch 

et al., 2007; Stickgold & Walker, 2007; Talamini et al., 2008), and reconsolidation (Klinzing et 

al., 2016; Walker et al., 2003), sleep should protect and strengthen memory intrusions, with no 

effect on retrieval errors, or errors in the other direction. In addition, investigating sleep after 

learning each set will be informative for two stages of memory processing (Figure 3b): initial 

storage (strengthening) and potential incorporation of new information into old stores (updating). 

Sleep after learning the Set 1 items is associated with initial consolidation of the event. After the 

reminder reactivates the Set 1 memory, however, the reactivated memory must be reconsolidated 

with the new Set 2 information. Thus, the sleep after reactivation and learning of Set 2 will be 

informative for processes pertinent to reconsolidation. 

 

Figure 3. Pertinent to the role of sleep in memory updating are the direction of misattributions (A) and the sleep after learning 
each set (B). 
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2.2.1 Methods 

2.2.1.1 Participants 

 Twenty-five University of Arizona undergraduates (14 female) participated in this 

experiment for course credit. Participants were between the ages of 18 and 25, with no history of 

sleep or psychiatric disorders, or current drug or medication use. 

2.2.1.2 Design 

The methods and materials used in this study were similar to the recognition paradigm 

described in Hupbach et al. (2009). The recognition paradigm was chosen over the original recall 

paradigm (Hupbach et al., 2007) for its ability to differentiate intrusions from source errors 

(Hupbach et al., 2009), a key component to this study. There are two differences between the 

current paradigm and the one described in Hupbach et al., (2009). First, only the reminder 

condition was used. This study capitalizes on prior work that has reliably demonstrated 

reconsolidation using this paradigm, focusing only on memory updating for simplicity. Second, 

participants underwent consenting in a separate room, with a different experimenter, and at a 

different time, the Friday before any subsequent sessions. These Friday consent sessions allowed 

us to train participants on the sleep measures without interfering with the typical paradigm (see 

Sleep Measures for more information).  

2.2.1.3 Materials 

Twenty everyday objects (e.g., key, sunglasses, calculator) were presented as Set 1. 

Twenty new objects equated in commonality were presented as Set 2 (see Table 1). 
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Table 1 

 

2.2.1.4 Procedure 

Participants were consented individually the Friday preceding the learning paradigm in a 

different room, with a different experimenter, and at a different clock time than subsequent 

sessions. During this session, they were trained on the use of their sleep diary and an actigraphy 

instrument, which measures movement to provide a gauge on rest and active states. Participants 

were informed that they would be returning to a different room the Monday, Wednesday, and 

Friday of the following week to undergo testing. Each of the following testing sessions take 

place at the same time of day. Participants are tested individually. 

 Figure 3b illustrates the 3-session testing paradigm using a recognition test on the last 

session. On Monday (Session 1), participants learned Set 1. The experimenter pulls each item out 

of a box and asks the participant to name it, after which it is placed in a basket positioned on the 

table. After all 20 objects are shown and named, the experimenter removes the basket from the 
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table and asks the participant to recall as many objects as possible. This procedure is repeated 

until the participant reaches criterion of 17 recalled objects, or until a maximum of four learning 

trials. On Wednesday (Session 2), participants return to the same room and are greeted by the 

same experimenter as on Session 1. The experimenter then shows the participant the basket used 

on Session 1 and asks the reminder question, “Do you remember what we did with this basket? 

Can you describe the general procedure?” Participants are discouraged from recalling specific 

items learned on Session 1 at this time. Following the reminder, the experimenter proceeds to 

administer the second learning task involving the 20 Set 2 objects. These are dumped out on the 

table and the participant is instructed to name each one out loud. Participants are stopped if they 

begin to categorize objects in any way during the procedure. After all objects are named, the 

experimenter gives the participant 30 seconds to study them, after which they are removed from 

the table. The participant is then asked to recall as many objects as possible, repeating the 

procedure until 17 of the 20 objects are recalled or until the maximum four trials is attained.  

On Friday (Session 3), participants return to the same room and are greeted by the same 

experimenter as on Sessions 1 and 2. The experimenter informs the participant that he or she will 

be tested on their memory for the objects learned in the previous sessions. The participant is read 

a list of old objects learned in Sessions 1 and 2, as well as new objects, and is asked to rate 

whether the object was old or new, on which day it was learned (Monday or Wednesday) and 

give a confidence rating of 1-5 (5 being very confident) in his or her response. Each session takes 

approximately 15 minutes. 
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2.2.1.5 Measures 

Memory 

The memory variables of interest to Experiment 1 were intrusions and retrieval errors 

(Figure 3a). Intrusions were defined as the Set 2 objects misremembered as belonging to Set 1 

during recognition. These items are indicative of memory updating since all participants were 

presented with a reminder before learning Set 2, reactivating the trace for the Set 1 learning 

experience. Therefore, any Set 2 objects attributed to Set 1 show modification of the original 

trace with the objects learned during Session 2. Retrieval errors were defined as the Set 1 objects 

misattributed to the Set 2 learning experience. While rare in prior studies using this paradigm, 

some objects recognized are simply not ascribed to the correct source (Session 1 vs. Session 2) at 

test. These objects are indicative of overall errors in remembering at test as opposed to memory 

reconsolidation.  

Sleep 

Sleep was assessed using a daily sleep diary and body movement data obtained using a 

Respironics Actiwatch 2 device. This instrument is worn on the non-dominant wrist and registers 

movement to provide a gauge of active and rest states. The participant-reported sleep times were 

entered into the Respironics Actiware 5.7 software, which calculated total sleep time (TST) as 

the difference between bed and wake times controlling for any nocturnal awakenings and their 

duration. Sleep was calculated in this way on the night after learning Set 1 and the night after 

learning Set 2. 
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2.2.2 Results 

2.2.2.1 Behavioral results 

The behavioral results are depicted in Figure 4 alongside results reported in Hupbach et 

al. (2009). A one-way MANOVA used set (1 versus 2) to predict two dependent variables: 

number of correct and incorrect responses.  

Correct Responses 

 Correct responses showed a main effect of set, F(1,24) = 14.874, p = 0.0008. Set 1 items 

(M = 17.08, SD = 2.326) were correctly recognized more frequently than Set 2 items (M = 14.64, 

SD = 3.439). 

Incorrect Responses 

The inverse relationship was observed for incorrect responses as a function of set, F(1,24) 

= 17.455, p = 0.0003. Incorrect Set 2 attributions to the Set 1 source (intrusions, M = 4.48, SD = 

2.859) were more frequent than Set 1 misattributions to Set 2 (retrieval errors, M = 2.08, SD = 

1.579), indicating that the present study’s variation on the reconsolidation paradigm successfully 

replicated the reminder condition described in the original study. Consistent with the 

unidirectional effect noted in Hupbach et al. (2009), this finding implies that the increased 

intrusions reflected destabilization of the first memory as a function of the reminder as opposed 

to source memory confusion at test (Hupbach et al., 2007, 2009). 
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Figure 4. Mean percentages of correct and incorrect source attributions across sets in the current study (gray) and reminder 
condition described in Hupbach et al. (2009; black). Error bars indicate standard errors of the means. Note: The analyses in the 
text are on number of items whereas the figure shows percentages of items from set. 

2.2.2.2 Sleep results  

The results of the analyses on sleep and incorrect responses are presented in Figure 5. A 

multivariate multiple linear regression was run with TST after learning Set 1 and TST after 

learning Set 2 as independent variables predicting the dependent variables of correct responses 

(Set 1 and Set 2), and incorrect responses (Set 1 to Set 2 retrieval errors and Set 2 to Set 1 

intrusions). 

Correct responses 

Correct Set 2 responses were found to be significantly predicted by TST, R2 = 0.334, 

F(2,22) = 5.573, p = 0.011. Examination of the beta weights indicates that more sleep after 

learning Set 1, t = 2.908, β = 0.541, p = 0.008, and less sleep after learning Set 2, t = -2.574, β = 
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the reciprocal of Set 2 incorrect responses (i.e., intrusions), excluding misses. Thus, while the 

negative effect of sleep on Set 2 learning may seem counterintuitive given research showing 

sleep improves memory, it is likely the product of a significant effect of sleep on intrusions (see 

Incorrect responses, next section). Correct Set 1 responses were not predicted by TST after 

learning either set, p > 0.1. 

 Incorrect responses 

The inverse relationship was observed for Set 2 to Set 1 intrusions, R2 = 0.343, F(2,22) = 

5.752, p = 0.01. In particular, the more subjects slept after memory reactivation and learning of 

the new Set 2 information, the more they tended to show intrusions into the old memory, t = 

2.796, β = 0.518, p = 0.011 (Figure 5b). However, nearly the exact opposite was observed for the 

sleep after Set 1 (Figure 5a), such that less sleep after learning was associated with increased 

intrusions, t = -2.795, β = -0.517, p = 0.011. Sleep was not related to errors in the other direction, 

or misattribution of old items to the new experience, p > 0.1 (Figure 5). Neither memory 

measure was significantly associated with sleep on any other days leading up to or during the 

paradigm. 

 

Figure 5. Relationships between total sleep time (TST) after learning Set 1 (A), TST after learning Set 2 (B) and the memory 
variables of interest: retrieval error rate, or Set 1 items misremembered as Set 2 (black), and intrusion rate, or the percentage of 
Set 2 items misattributed to Set 1 (pink).  
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 There was a marginally significant relationship between TST after learning each set, 

r(23) = 0.359, p = 0.078, which presents a potential problem of multicollinearity. Thus, a new 

variable was created to represent the difference in TST by subtracting the TST after learning Set 

1 from the TST after learning Set 2, the results of which are presented in Figure 6. Entering this 

variable into a multivariate multiple regression model predicting intrusions and errors shows a 

significant effect of TST on intrusions, R2 = 0.311, F(1,23) = 10.39, p = 0.004. Consistent with 

the prior analysis, the more sleep after learning Set 2 relative to their sleep after learning Set 1, 

the more participants tended to show intrusions of the Set 2 objects into the first set, t = 3.223, β 

= 0.558, p = 0.004. The difference score between TST after learning each set did not predict 

errors in the other direction, which is also consistent with the prior analysis, R2 = 0.001, F(1,23) 

= 0.026, p > 0.1. 

 

Figure 6. Percent incorrect of Set 1 (errors) and Set 2 (intrusions) as predicted by the difference score of TST after learning each 
set. 
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prior memory with new learning. Interestingly, the opposite effect was observed after learning 

Set 1, such that getting less sleep after learning increased updating. These results imply that 

memories that are not consolidated by a full night of sleep are perhaps “weaker,” and thus more 

susceptible to reactivation and updating. In addition, the inverse relationship was observed for 

correct Set 2 responses, such that more sleep after Set 1 resulted in better Set 2 recognition. It 

seems sleep in this case protected the Set 1 memory from reactivation. However, less sleep after 

Set 2 was related to poorer Set 2 memory, which may be a function of the recognition paradigm, 

as there will be a decrease in correct Set 2 responses when a proportion of these items are 

misattributed to Set 1. Importantly, sleep was not related to errors in the other direction, or 

misattribution of old items to the new experience. In other words, sleep unidirectionally 

facilitates memory reconsolidation in a manner similar to general memory consolidation, and 

which is quantitatively different from retrieval errors. 

2.3 Discussion 

 The present study illustrates that sleep is involved in episodic memory updating using an 

established paradigm of reconsolidation. These findings align with similar work using a motor 

skill finger-tapping task (Walker et al., 2003) and a visuo-spatial learning task (Klinzing et al., 

2016). Comparable to the current experiment, the paradigm used in Walker et al. (2003) involved 

two learning experiences separated by 24 hours. The task however was a motor learning task, 

which involved tapping four numeric keys in a repeating sequence using the fingers of the non-

dominant hand. Also, comparable to the current experiment, participants were reminded of the 

first learning experience prior to the second. The reminder in this case involved explicit retesting 

of the first sequence. When tested 24 hours later, participants showed improvement on the 

second sequence but significant impairment on the first, demonstrating that a brief rehearsal of 
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the first sequence resulted in reactivation and interference of that memory with learning of the 

second. Important for the results reported here, retesting on the first sequence immediately after 

learning the second showed no interference, indicating that reconsolidation of the first sequence 

after reactivation was sleep-dependent (Walker et al., 2003; see also Hupbach et al., 2007). 

Unlike Walker et al.’s (2003) motor skill reconsolidation paradigm, the current study uses 

an episodic paradigm to demonstrate sleep’s potential function in reconsolidation of a 

hippocampal memory. Perhaps more analogous to the present experiment is a study by Klinzing 

et al. (2016), which used a hippocampal object location task paired with an odor cue. Similar to 

Walker et al. (2003), participants were trained on the task and memory was reactivated 24 hours 

later. Reactivation in this case involved re-exposing participants to the odor cue, testing room, 

and task instructions, without eliciting recall. Following reactivation, participants either slept or 

stayed awake for 40 minutes, after which they learned a second set of object locations before 

being tested on the first. The results showed that the group that slept after reactivation performed 

significantly better than the wake group, indicating that sleep reconsolidated the reactivated 

memory and rendered it less susceptible to interference from the second set. PSG recordings 

indicated that memory performance correlated significantly with amount of time spent in SWS, 

providing further evidence for the claim that consolidation processes occurring during sleep are 

necessary to restabilize and protect reactivated memories (Klinzing et al., 2016).  

The results of the current experiment also suggest that reconsolidation involves processes 

quantitatively different than initial consolidation, since the sleep after learning each set 

differentially contributed to intrusions. It is unclear from Walker et al.’s (2003) study whether 

initial consolidation of a motor skill differs from reconsolidation in the time course or processes 

involved. The authors do mention that the stages of consolidation and reconsolidation are 



 33 

dissociable: Initial consolidation can occur during wake 10 min to 6 hours later, but enhancement 

is thought to involve processes only occurring during sleep (Walker et al., 2003). 

Reconsolidation, according to their findings, is observed after a period of sleep but not 

immediate test; however, it is unclear whether a period of wake that did not include new learning 

would result in retention of the first sequence. Klinzing et al. (2016) on the other hand showed 

that a period of sleep—but not an equal period of wake—is necessary for reconsolidation of 

visuo-spatial learning. Furthermore, their experiment demonstrates that reconsolidation happens 

on a much more efficient time course than initial consolidation of the memory. In addition to the 

reconsolidation group described above, the experiment also tested the effect of sleep on an initial 

consolidation group, who learned object locations and either slept or stayed awake for 40 min 

before testing. The results indicated no significant performance differences on test across the 

sleep and wake conditions. In other words, the 40-minute period of sleep was sufficient to 

stabilize the reactivated memory, but not initial learning (Klinzing et al., 2016).  

Importantly, unlike the current results, neither of these studies provides insight into the 

effect of sleep after initial learning on the prospect that a memory will be reactivated and 

reconsolidated. The present study showed that the sleep associated with initial consolidation of 

the first learning experience was negatively associated with updating, whereas sleep after 

reactivation and reconsolidation of the reactivated memory was positively associated with 

updating. In other words, the initial consolidation of the event may be predictive of the 

likelihood that the memory will be reactivated and/or susceptible to modification, as memories 

that are less consolidated by a night of sleep are more likely to show intrusions of the second set. 

More research is needed to determine what, if any, sleep-dependent mechanisms during initial 

consolidation of an event predict whether that memory will be reactivated and reconsolidated. 
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These results also provide evidence of sleep’s role in a unique outcome of 

reconsolidation: updating of a prior memory with new information. Whereas the aforementioned 

studies contribute evidence that sleep is necessary for reconsolidation to occur, the outcomes of 

these studies involved interference (Walker et al., 2003) or protection therefrom (Klinzing et al., 

2016). Interference occurs when one learning experience has a negative impact on the 

remembering of another, such as when performance on the first sequence was impaired 

following reactivation and learning of the second in Walker et al.’s (2003) study. On the other 

hand, updating implies that a consolidated memory can be reactivated, modified with a different 

experience, and reconsolidated to include both the old and new information. The process by 

which updating occurs is a debated topic (e.g., Sederberg et al., 2011). According to the present 

study, however, sleep supported the emergence of intrusions, but not retrieval errors in the other 

direction, indicating that the new information became incorporated with the old memory.  

It is important to address the current study’s finding that sleep predicted correct 

recognition of Set 2, as it demonstrates an important limitation of the current study. As was 

expected given the results of intrusions, more sleep after learning Set 1 and less sleep after 

learning Set 2 resulted in better source memory for the Set 2 items. At first glance, this finding 

appears to contradict an established literature showing that sleep enhances memory, since sleep 

after learning Set 2 negatively correlated with Set 2 recognition. However, it is likely that this 

result reflects a limitation of the recognition paradigm used here. Since one of the variables of 

interest is Set 2 misattributions, Set 2 recall is expected to decline as those items are attributed to 

Set 1. Thus, a trade-off occurs in which Set 2 correct recognition decreases as Set 2 to Set 1 

intrusions increase. An important next step in establishing the role of sleep in memory updating 

is to compare sleep-dependent reconsolidation processes to those involved in initial 
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consolidation, which was not possible in the reminder condition. Addition of a no-reminder 

condition, whose Set 1 memory is not reactivated prior to Set 2 would solve this problem and 

offer an opportunity to observe the effect of sleep on the consolidation of each learning 

experience. 

What is also currently unknown is the mechanism by which reactivated memories are 

restabilized across a night of sleep. Given the episodic, and thus hippocampal, nature of the 

current learning paradigm (Hupbach et al., 2008), it is possible that processes occurring during 

SWS are related to memory reconsolidation. This hypothesis is supported by numerous studies 

implicating SWS and related EEG activity in the consolidation of hippocampal memory 

(Diekelmann & Born, 2010; Rasch et al., 2007; Stickgold & Walker, 2007; Talamini et al., 

2008), as well as the findings reported by Klinzing et al. (2016) that SWS predicted the 

restabilization and protection of the reactivated memory from interference. However, the current 

study demonstrates that sleep facilitates incorporation, rather than interference, of new 

information into a reactivated trace. The mechanism of sleep-dependent memory reconsolidation 

in this manner is less understood, but could be attributed to sleep spindles, waxing and waning 

11-16 Hz activity in the EEG during N2 and SWS. These events have been associated with 

memory consolidation, and specifically interleaving of new information with existing stores 

(Hennies, Ralph, Kempkes, Cousins, & Lewis, 2016; Tamminen, Payne, Stickgold, Wamsley, & 

Gaskell, 2010; Tamminen, Ralph, & Lewis, 2013). Thus, if intrusions reflect integration of new 

items with the old memory, then spindles should be explored as a candidate for a sleep-

dependent mechanism of episodic memory updating. 
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CHAPTER 3: EXPERIMENT 2.  

MECHANISMS OF SLEEP-DEPENDENT MEMORY UPDATING 

3.1 Introduction 

Aligning with prior studies on this topic, Experiment 1 demonstrates that sleep is 

involved in the restabilization of a reactivated memory; however, it is currently unknown what 

mechanisms drive memory reconsolidation, and specifically episodic memory updating, during 

sleep. The impetus for the second set of experiments is to investigate EEG markers of sleep-

dependent memory processing for potential relationships to intrusions in the episodic memory 

reconsolidation paradigm of Experiment 1. Of interest is SWS and associated oscillations such as 

spindles, due to their involvement in episodic memory consolidation. 

SWS is associated with hippocampal memory consolidation via precisely timed patterns 

of oscillatory field potentials in the EEG reflecting long-range communication between the 

hippocampus and neocortex. Perhaps the most prominent activity is high-amplitude low-

frequency delta waves (>4 Hz), on the lowest end of which are slow oscillations (SOs). These 

widespread hyperpolarization (“down”) and depolarization (“up”) states in the 0 to 1 Hz range 

(Cairney, Ashton, Roshchupkina, & Sobczak, 2015) synchronize large populations of neurons in 

thalamus and cortex (Krone et al., 2015). The effect of this synchronized firing is grouping of 

neuronal networks: First, in the hippocampus, depolarization by the SO generates high frequency 

bursts of irregular activity followed by fast (110-200 Hz) oscillatory patterns, which are 

collectively known as sharp wave-ripple complexes (SPW-Rs) (Buzsáki, 2015; Mölle, 

Yeshenko, Marshall, Sara, & Born, 2006). Second, in cortical and thalamic ensembles, increased 

neural firing during the up-state triggers increasing and declining field potentials (~12-18 Hz) 

called spindles (Krone et al., 2015; Sirota, Csicsvari, Buhl, & Buzsáki, 2003). In the following 

section, I unpack events in the EEG during SWS to build a case for their role in memory 
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reconsolidation. It is important to note that, while SPW-Rs are not detectable in the human EEG, 

their co-occurrence with spindles makes it nevertheless important to address these events to 

provide context for the subsequent hypotheses. 

3.1.1 SPW-Rs and Spindles 

The long-range reverberatory activity that characterizes SWS is hypothesized to play a 

role in memory consolidation by gating offline information transfer between two regions, 

hippocampus and neocortex (Buzsáki, 2015; Sejnowski, Destexhe, & Ghosh, 2000; Siapas & 

Wilson, 1998; Sirota et al., 2003). In the hippocampus, SPW-Rs replay exploratory neural 

sequences within subsequent periods of rest (Buzsáki, 2015). Place cell recordings in rodent 

hippocampus during sleep show co-activation of cells that corresponded to overlapping place 

fields during a maze run in the prior wake period (Wilson & McNaughton, 1994), which are 

robust even after neural firing during the pre-run sleep is controlled (Kudrimoti, Barnes, & 

McNaughton, 1999). These discharge sequences also maintain their original temporal structure, 

but in time-compressed manner (Skaggs & McNaughton, 1996). Most importantly, reactivation 

is demonstrated to be stronger during SPW-Rs than in intervals between them, both during quiet 

rest and sleep (Kudrimoti et al., 1999).  

The reinstatement of waking neural activity in SPW-R activity has been associated with 

long-term potentiation (LTP) of hippocampal cells via Hebbian synaptic modification (King, 

Henze, Leinekugel, & Buzsáki, 1999). Indeed, disruption of SPW-Rs in the rat during rest and 

sleep after learning impairs memory formation as evidenced by later performance (Buzsáki, 

2015; Girardeau, Benchenane, Wiener, Buzsáki, & Zugaro, 2009). In one study, rodents trained 

on an 8-arm radial maze were allowed to sleep immediately for 1 h across several days. During 

the quiescent period, SPW-Rs were detected online in the experimental group, which delivered a 
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single-pulse stimulation to the hippocampus blocking SPW-Rs, without interrupting sleep or 

changing sleep architecture. SPW-R-suppressed rats took twice as long as controls to surpass 

baseline performance, after which they still consistently underperformed. Importantly, WM was 

intact, implicating disruption of SPW-Rs in the impairment of important consolidation processes 

during the post-training period (Girardeau et al., 2009). 

Whereas SPW-Rs are understood to aid in long-term cellular modification through replay 

of newly formed memories in the hippocampus, the role of cortical spindles is less clear. 

Notably, their co-occurrence with SPW-Rs makes spindles a likely candidate for information 

flow from the hippocampus to neocortex (Sejnowski et al., 2000; Siapas & Wilson, 1998; Sirota 

et al., 2003). For instance, Siapas and Wilson (1998) demonstrated by simultaneous recording in 

the hippocampus and medial prefrontal cortex that spindles phase-locked with ripples, with 

ripple activity tending to precede spindles. The authors concluded that this time course facilitates 

hippocampal reorganization of neocortical memory: Ripples depolarize neocortical neurons, 

“tagging” them to participate in spindles, after which neocortical spindles repeatedly activate 

subgroups, triggering plastic changes (Siapas & Wilson, 1998). Indeed, similar to SPW-Rs, the 

specific pattern of stimulation by spindle trains has been shown to induce LTP in co-activated 

neurons (Rosanova & Ulrich, 2005).  

Sejnowski et al. (2000) note the occurrence of spindles at sleep onset, hypothesizing that 

these events may “prime the circuit” for subsequent consolidation processes. Rhythmic bursts 

from thalamic inputs trigger calcium entry in cortical pyramidal cells, which gates plasticity 

mechanisms such that subsequent events during SWS can trigger long-term structural changes. 

On the up states of the SO, fast oscillations in cortex replay recently acquired experiences to 

ensembles potentiated by spindles, and this repeated stimulation strengthens the connections 
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within cortical assemblies (Sejnowski et al., 2000). In Sejnowski et al.’s (2000) explanation, the 

role of hippocampal sharp waves is unclear, although the authors echo the above interpretation of 

selection of neocortical ensembles that will participate in spindle activity (Siapas & Wilson, 

1998). Sirota et al. (2003), however, found that entorhinal spindle troughs precede peak 

discharge of hippocampal ripples. This temporal asymmetry was taken as evidence that 

excitation in neocortex times spiking in the hippocampus, followed by reciprocal excitability 

between the two networks as expressed in subsequent cycles. Opposite Siapas and Wilson 

(1998), the account given by Sirota et al. (2003) gives weight to the spindle event in selecting the 

neural ensemble to be replayed in the subsequent ripple (Sirota et al., 2003). Despite 

disagreement on the exact time course of oscillatory coupling, it is understood that cortical 

spindles co-occur temporally with hippocampal firing functions to gate information transfer 

between these two regions, which strengthens and protects newly formed memory traces from 

disruptions such as decay and interference (Buzsáki, 2015; Sejnowski et al., 2000; Siapas & 

Wilson, 1998; Sirota et al., 2003).  

3.1.2 Spindles and Memory Consolidation 

In humans, spindles have been implicated in memory processing in a variety of domains. 

Table 2 summarizes these results (null or negative effects between spindles and memory are 

italicized). For instance, Clemens, Fabó, & Halász (2005, 2006) concluded that the relationship 

between spindles and memory was unique to hippocampally-mediated tasks, as region-specific 

spindle activity predicted post-sleep performance increases on a face-name association task 

(Clemens et al., 2005) and a visuospatial Rey-Osterrieth Complex Figure task (Clemens et al., 

2006), but not a facial recognition task (Clemens et al., 2005). Similarly, better retention for 

word-pair associates has been observed after transcranial stimulation in the SO band (0.75 Hz; 
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Marshall, Helgadóttir, Mölle, & Born, 2006) and auditory stimulation delivered on the up-phase 

(Ngo, Martinetz, Born, & Mölle, 2013) that increased SO amplitude and spindle activity 

compared to sham. Importantly, Ngo et al. (2013) found that the timing of the spindle on the 

phase of the SO was a better predictor of memory consolidation than the number of spindles 

alone, as fast spindles (12-15 Hz) on the up-phase and slow spindles (9-12 Hz) on the up-to-

down transition were positively associated with memory retention in both sham and stimulation 

conditions. These findings were taken to align with the idea that these precisely timed 

oscillations signify transfer of information from a temporary store in the hippocampus to a 

permanent store in cortex (Ngo et al., 2013).  
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Table 2. Summary of studies investigating the relationship between spindles and post-sleep memory changes. 

Study Task(s) Manipulation Spindle measure Finding 

Barakat et al. 
(2011) 

Motor sequence 
task 

Sequence vs. 
random 
tapping 

Slow (11-12.9 Hz) 
Fast (13-14.9 Hz) 
Spindle density 

and power 

Fast, but not slow spindles, predict overnight 
improvement on motor sequence task (but not 

random tapping task) 

Clemens et al. 
(2005) 

Face-name 
association and 

facial recognition 
None 11-16 Hz 

Spindle count 

Spindles over frontal and central leads predicted 
overnight performance increase for face-name 

associations, but not facial recognition 

Clemens et al. 
(2006) 

Rey-Osterrieth 
Complex Figure 

Test 
None 11-16 Hz 

Spindle count 
Spindles over parietal region associated with 

overnight retention 

Cox, Hofman, 
& Talamini 

(2012) 

Explicit recall of 
events from a film None 11-16 Hz 

Spindle density 
Memory retention was positively related to 

spindles during SWS, but not N2 

Göder et al. 
(2015) 

Emotional picture 
recognition 

Sleep vs. 
wake 

11-16 Hz  
Spindle density 

Spindles were lower in schizophrenic patients 
than healthy controls. Spindles correlated with 
overnight retention of neutral pictures (but not 

emotional pictures) in healthy controls  

Hennies et al. 
(2016) 

Fact learning via 
the schema effect None 12–15 Hz 

N2 spindle density 

Spindles correlated with post-sleep retention of, 
as well as decreased hippocampal activation to 

schema-related, but not non-schema-related facts 

Kaestner, 
Wixted, & 
Mednick 
(2013) 

Emotional picture 
recognition 

Zolpidem, 
placebo, and 

sodium 
oxybate 

Slow (11-13.5 Hz) 
Fast (13.5-16 Hz) 
Spindle density 

Zolpidem increased spindle density compared to 
placebo and sodium oxybate, which was related 

to better performance on highly arousing negative 
pictures (but not positive, low arousal pictures) 

Marshall et al. 
(2006) 

Word-pair 
associates, 

finger-tapping, 
and 

mirror-tracing 

Transcranial 
stimulation at 
.75 Hz during 

sleep 

Slow (8-12 Hz) 
Fast (12-15 Hz) 

Spindle counts and 
power 

Stimulation increased activity in the SO and slow 
spindle bands and slow spindle counts, as well as 
retention of word-pairs (but not performance on 

other tasks) compared to sham 

Mednick et al. 
(2013) 

Word-pair 
associates, 

texture 
discrimination, 

and finger-tapping 

Zolpidem, 
placebo, and 

sodium 
oxybate 

Slow (11-13.5 Hz) 
Fast (13.5-16 Hz) 
Spindle density 

Zolpidem increased spindle density and 
decreased REM compared to placebo and sodium 
oxybate, which was related to better retention of 

word pairs, worse performance on texture 
discrimination, and no change for finger-tapping 

Nashida & 
Walker (2007) 

Finger-tapping 
task 

Nap vs. No 
nap 

12–16 Hz 
Spindle density 

Enhanced retention positively correlated with 
time spent in N2, as well as spindle density over 
learning hemisphere (corresponding to hand used 

in task) relative to non-learning hemisphere 

Ngo et al. 
(2013) 

Word-pair 
associates 

Auditory 
stimulation to 
up-phase of 

SO 

Slow (9-12 Hz) 
Fast (12-15 Hz) 

Spindle power and  
phase of SO 

Stimulation enhanced SO amplitude, phase 
synchrony of fast and slow spindles, and post-

sleep retention. Phase locking of spindles to SO, 
rather than spindle count, was associated with 

better memory in stimulation condition 
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Ruch et al. 
(2012) 

Face-city 
associations 

Explicit vs. 
masked 

encoding 

11-15 Hz 
Spindle density 

and power 

An increase in N2 spindle density relative to a 
control night predicted overnight enhancement of 

face-city associations (but on not masked 
encoding task) 

Schabus et al. 
(2004) 

Word-pair 
associates and 

perceptual 
priming 

None 11.5-16 Hz 
Spindle count 

An increase in spindle count relative to a control 
night predicted overnight memory enhancement 

on word-pair associates, but not perceptual 
priming 

Tamminen et 
al. (2010, 

2013) 

Lexical decision 
task 

Sleep vs. 
wake 

11-15 Hz 
Spindle power 

Spindle activity predicted lexical integration in 
the sleep group, but not memory for words 

themselves. Spindle activity is higher following 
learning of words with less interfering pre-

existing knowledge 

van der Helm 
et al. (2011) 

Word learning 
and associated 
contextual cues 

Nap vs. No 
nap 

Slow (11-13 Hz) 
Fast (13-15 Hz) 
Spindle count 

Time spent in N2 and N2 fast spindles over 
frontal and central leads predicted better memory 
for word-context associations, but not memory for 

words themselves 

Wamsley et al. 
(2013) 

Motor sequence 
task 

Eszopiclone 
vs. placebo 

12-15 Hz 
Spindle counts and 

power 

Eszopiclone increased spindle activity more than 
placebo in schizophrenic patients. Increased 

spindle activity was related to task improvement 
regardless of treatment 

Note: Null and negative results are italicized.  

 

However, a few studies suggest that rather than simply strengthening newly formed 

traces, the precise role of spindles in hippocampus-dependent memory consolidation may be 

more nuanced. For instance, van der Helm, Gujar, Nishida, and Walker (2011) found time spent 

in N2 and number of fast N2 spindles predicted the extent to which an item learned before sleep 

was associated with a spatial cue, but not memory for the item itself. Participants learned two 

lists of words (item memory), each of which were associated with a different spatial perspective 

and cue (context memory). Following either a nap or no-nap delay, participants saw a random 

mix of all words in both lists (along with foils), to which they were asked to provide an old/new 

judgment. If the object was judged as “old,” participants then saw both spatial cues and were 

asked to indicate which was associated with the word. The results indicated that, while memory 

for the words did not differ across conditions, the nap group was significantly better at 



 43 

identifying the correct spatial cue associated with the item. Furthermore, this memory 

improvement for the associated context was specifically predicted by the total number of fast 

spindles, or spindles in the 13-15 Hz range, during N2 sleep (van der Helm et al., 2011). In other 

words, instead of predicting general memory consolidation of items learned before sleep, 

spindles specifically predicted an element of memory consolidation, the strengthening of the link 

between an item and its associated context (van der Helm et al., 2011).  

Other studies implicate spindles in the incorporation of new information into existing 

stores. For instance, Tamminen et al. (2010, 2013) found that spindles were associated with the 

degree of lexical competition, but not recognition, of newly learned words. Participants learned 

novel words that sounded similar to familiar words (“cathedruke”) and were tested after a period 

of sleep or wake. The sleep group remembered more words than the wake group, but the number 

of spindles in particular predicted slowed responses to familiar words, indicating spindles 

supported integration of the new words with the old lexicon (Tamminen et al., 2010). 

Furthermore, increased spindles were observed specifically for words that had fewer interfering 

“semantic neighbors,” indicating that those words were more easily integrated into the existing 

network (Tamminen et al., 2013).  

A similar relationship was demonstrated using the schema effect, wherein information 

related to an existing knowledge structure is remembered better than unrelated information 

(Hennies et al., 2016). In this study, participants underwent learning sessions over two weeks 

that served to establish schema, after which they encoded facts related or unrelated to this 

schema. Following sleep recorded with PSG, participant memory for the facts was tested. The 

results indicated that related information was remembered better than unrelated information, and 

this retention difference was predicted by N2 spindle density (or the number of spindles per 
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minute of N2) in the sleep after encoding. Importantly, spindles did not predict performance on 

non-schema-related facts, nor general memory consolidation in a control group who did not have 

existing schema knowledge. Furthermore, functional magnetic resonance images acquired at test 

demonstrated reduced activity in the hippocampus for schema-related information, which was 

also associated with increased spindle density. It appears that spindles specifically promoted 

integration of new knowledge with established stores similar to Tamminen et al. (2010, 2013), a 

process that may be dependent on the disengagement of hippocampal input over time (Hennies et 

al., 2016). 

When these studies are examined together, a story begins to emerge in which spindles aid 

in sleep-dependent memory consolidation via interleaving of information. Apart from van der 

Helm et al. (2011) who found a similar relationship between context memory and N2, the only 

significant sleep variable predicting incorporation of new information into existing knowledge 

was spindle activity (Hennies et al., 2016; Tamminen et al., 2010, 2013). Furthermore, 

relationships were not found between spindles and recall or recognition, but instead were specific 

to the relatedness between items (Hennies et al., 2016; Tamminen et al., 2010, 2013), or between 

items and a contextual cue (van der Helm et al., 2011). Even studies demonstrating spindle-

related improvements in recall and recognition overwhelmingly utilize verbal-associative tasks 

(Clemens et al., 2005; Marshall et al., 2006; Mednick et al., 2013; Ngo et al., 2013; Schabus et 

al., 2004), which have been found to rely on knowledge of word meanings and semantic 

categories as much as episodic components of retention and recall (Elwood, 1997). 

3.1.3 Spindles and Memory Transformation 

It is possible that, instead of signaling “transfer” of replayed information from the 

hippocampus for permanent storage in cortex, the neural activity underlying spindles may 
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specifically reflect the transformation in how this knowledge is represented over time. This 

transformation may be possible through the gradual, systematic forgetting of selected mnemonic 

elements (Poe, 2017; Tononi & Cirelli, 2006), and in particular spatial-contextual details of a 

representation (Hardt et al., 2013). An emerging set of theories posits that one of the primary 

memory functions of sleep is the removal of spurious or unnecessary connections, which frees 

resources and indirectly facilitates memory consolidation (Hardt et al., 2013; Poe, 2017; Tononi 

& Cirelli, 2006). In the synaptic homeostasis hypothesis (SHY), time awake (and learning via 

interactions with the environment) brings a net increase in synaptic strength, which is 

energetically costly and hinders the brain’s ability to learn. Slow-wave sleep is therefore “the 

price we pay for plasticity” (Tononi & Cirelli, 2006), downscaling cortical potentiation to a 

homeostatic baseline while leaving the ratio intact. The result is an indirect strengthening of 

memories through the elimination of unnecessary connections while preserving others (Tononi & 

Cirelli, 2006). 

Hardt et al. (2013) discuss the active decay over time of episodic detail which results in 

decontextualization of the episodic trace to support the formation of gist-like, semantic 

knowledge. Echoing complementary learning systems, this approach notes that the overlapping 

manner in which representations are stored in cortex necessitates a pattern-separating component 

rescuing these representations from catastrophic interference during learning. However, whereas 

other models allocate this role to the hippocampus generically, Hardt et al. (2013) acknowledge 

the specialized function of this substrate in coding the spatiotemporal details of an event. In this 

view, the hippocampus acts as a “promiscuous encoder,” constantly taking in and storing details 

about an episode. On the one hand, this allows for the rapid acquisition of episodic memory, 

providing a wealth of information about how to navigate and make decisions within the 
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environment. On the other, such promiscuity is unsustainable given energetic and plastic 

constraints, necessitating systematic downregulation of hippocampal representations. Thus, the 

reinstatement of hippocampal traces during sleep not only strengthens and reorganizes 

neocortical connections, but may do so specifically through the decay-like forgetting of spatial-

contextual details. The result is the transformation of a detailed episodic memory, to an abstract, 

semantic representation reflecting statistical regularities in the environment (Hardt et al., 2013). 

Poe (2017) agrees that the weakening of certain synaptic connections is necessary for 

refining existing knowledge structures, and attributes activity exclusive to N2 spindles in the 

hippocampal reorganization of neocortical stores. In this framework, depotentiation is needed to 

prevent redundant and conflicting information in the face of new knowledge. Such 

depotentiation can only happen in the absence of activity from locus coeruleus (LC), which 

provides LTP-promoting norepinephrine (NE) to the forebrain. Silence from LC in the seconds 

preceding N2 spindles reactivates and destabilizes memory circuits for depotentiation, followed 

by a burst of LC activity mid-spindle, which reinstates LTP to rebind the existing network with 

the new elements. Whereas the role of SWS spindles is unclear given the continued activation of 

LC during this stage of sleep, it is possible that NE on the up-phase of the SO may specifically 

block downscaling and promote hippocampal LTP via SPW-Rs (Poe, 2017). In this way, 

integration could be specific to N2 due to depotentiation processes described above, whereas 

SWS spindles may correspond with other memory consolidation processes.  

The following experiment draws upon the emerging literature implicating spindles in 

memory integration as a potential mechanism for memory updating in the episodic 

reconsolidation paradigm. The first prediction, tested in Analysis A, is that spindles will predict 

updating, but not correct responses or errors in the other direction. Further, this relationship will 
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be specific to spindles, but not any other sleep variables tested. In Analysis B, the prediction is 

that N2 spindles, and in particular fast N2 spindles, will promote memory updating whereas 

SWS spindles will correspond to veridical memory consolidation. 

3.1 Experiment 2 – Analysis A 

 If updating reflects integration of new information with existing stores rather than source 

error, then spindles should promote incorporation of the new Set 2 items into the reactivated Set 

1 memory. Experiment 2 tests this possibility using overnight PSG on the nights after learning 

Set 1 and Set 2. Spindle activity (as well as percent time spent in each sleep stage) is quantified 

for both nights and compared across intrusions (Set 2 items misattributed to Set 1) and retrieval 

errors (Set 1 items misattributed to Set 2). Analysis A tests the prediction that spindles will 

positively predict intrusions, but not errors in the other direction. Furthermore, this relationship 

will be specific to the second night, but not the first night. This is because the second night is 

when sleep-dependent integration of Set 2 into Set 1 would be expected to occur, after 

reactivation of Set 1 and new learning of Set 2. Finally, like prior studies investigating 

integration during sleep (Hennies et al., 2016; Tamminen et al., 2010), this relationship will be 

specific to spindle activity and not the other sleep variables tested. 

One issue that remains unclear in the literature is the specific role of spindle activity in 

sleep-dependent memory processes. Do spindles reflect general consolidation (i.e., 

strengthening) of new memories, or is their role more nuanced, contributing to consolidation 

specifically through the integration of new information with existing stores? One way to test this 

would be to again compare memory variables as predicted by the sleep after learning each set, 

similar to Experiment 1. The sleep after Set 1 should reveal only general consolidation processes 

whereas the sleep after learning Set 2 should reflect updating, perhaps via integration (Figure 
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7a). However, this approach is problematic as it requires the comparison of correct recall of Set 

1, which was learned 96 hours prior to test, to source misattributions of Set 2, which was learned 

48 hours before test. A more precise comparison would be to examine the sleep after learning Set 

2 across the reminder and no-reminder conditions. The reconsolidation account posits that the 

reminder promotes reactivation of Set 1, which is crucial for the integration of Set 2 (Hupbach et 

al., 2008); thus, eliminating the reminder prior to learning Set 2 should yield general 

strengthening of the Set 2 items rather than integration of Set 2 into Set 1 (Figure 7b). The 

prediction that follows is that if spindles are specific to integration processes as opposed to 

general consolidation processes, then they will predict intrusions in the reminder group, but not 

correct Set 2 memory in the no-reminder group. These findings would be consistent with 

Hennies et al. (2016) and Tamminen et al. (2010), who showed relationships between spindles 

and integration, but not correct recall or recognition. 

 

Figure 7. Including a no-reminder condition allows the comparison of sleep factors influencing updating, and perhaps 
integration, of Set 2 into the Set 1 memory (reminder, A) to those involved in consolidation of Set 2 (no-reminder, B). 
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3.2.1 Methods 

3.2.1.1 Participants 

Participants were 29 adults between 18 and 25 years of age in the Tucson area. Exclusion 

criteria included recent drug use, sleep or psychiatric problems, and current medication use. 

Participants received $75 for their participation in the study. 

3.2.1.2 Design 

The design of Experiment 2 was identical to Experiment 1, with a few exceptions. First, 

immediately after testing, participants spent the night in the lab while undergoing PSG recording 

(see Sleep Measures). This measure allows ongoing monitoring of sleep EEG for events of 

interest after learning the first and second sets in the reconsolidation paradigm. Second, 

collecting the sleep measures in-house eliminates the need to train participants on the sleep 

measures during the Friday consent session. Instead, participants are brought in for a night of 

sleep to acclimate them to the PSG procedure. These acclimation nights take place no more than 

2 weeks prior to the first learning session, and are administered in a different spatial context and 

with different experimenters than memory testing to avoid interfering with the reconsolidation 

paradigm. Finally, both the reminder and no-reminder conditions are used for this study to 

compare the EEG events associated with memory consolidation and reconsolidation at different 

stages (see Memory Measures). Participants were asked to maintain a regular sleep schedule with 

a bedtime of 11 PM and wake time of 7 AM for one week prior to the study to normalize sleep 

schedules and amount prior to the study across participants, and to adapt participants to the sleep 

schedule to be used in the study. 

3.2.1.3 Materials  

The materials are identical to Experiment 1. 
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3.2.1.4 Procedure 

Participants arrived at 9 PM on their acclimation night, during which they provided 

informed consent, were oriented to the sleep lab space, underwent PSG setup, and slept. One day 

to two weeks later, participants arrived again at 9 PM and immediately began the first session of 

the reconsolidation paradigm detailed in Experiment 1. Directly after learning Set 1, participants 

were brought to the sleep lab to undergo PSG setup and to sleep. In Session 2, participants 

arrived again at 9 PM to learn Set 2. In the current experiment participants were randomly 

assigned to a reminder condition, identical to Experiment 1. The other half of the participants 

were assigned to a no-reminder condition, in which they went to a different room, were greeted 

by a different experimenter, and were not asked the reminder question prior to learning Set 2. 

Participants were then brought to the sleep lab for PSG setup and to sleep. On the last session, 

participants arrived at 9 PM for a recognition task that was identical to Experiment 1. Keeping 

with Hupbach et al. (2009), all participants were tested in the same context as the one in which 

Set 1 was learned. In all sessions, the memory portion occurred in a different spatial context than 

the sleeping portion. The sleeping portion took place in the same room regardless of day or 

condition. Experimenters were careful not to discuss the memory portion during the PSG setup. 

Bedtime was 11 PM and wake time was 7 AM for all sessions.  

3.2.1.5 Measures  

Memory 

Like Experiment 1, Set 2 intrusions into the Set 1 memory were differentiated from Set 1 

to Set 2 errors occurring at retrieval. However, unlike the prior experiment, correct and incorrect 

responses in the no-reminder condition were also examined. 
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Sleep  

During the acclimation night and immediately after Set 1 and Set 2 learning, participants 

were brought into another room for PSG setup and sleep. Electrodes were affixed to the scalp 

using the 10-20 head measurement system for data collection at F3, F4, C3, C4, O1, and O2, 

with references at bilateral mastoids. Facial electrodes included two electro-ocular channels 

placed at the upper right canthus and lower left canthus, as well as two electromyographic 

channels on the chin, which were referenced to a third on the underside of the chin between the 

midline and mandible. Signals were then collected using a Grass Technologies system at 200 Hz 

sampling rate, which was visually examined and assigned a stage (NREM1, NREM2, 

NREM3/SWS, and REM) at 30-second epochs in accordance with the American Academy of 

Sleep Medicine criteria for sleep staging (Berry et al., 2015). Percentage of the total sleep period 

was calculated for each stage. 

Spindle detection was performed on the staged and artifact-rejected EEG data using Sleep 

Wave Analysis (SWA) Toolbox for Matlab (Mensen, Riedner, & Tononi, 2015). This method 

involves four steps: 1. First, the canonical wave is calculated based on the negative contour of 

specified activity in all channels; 2. Next, potential waves are detected within those parameters; 

3. Then, the algorithm identifies which of those waves meet predetermined criteria, and 4. 

examines the properties of each wave and its propagation to other regions of the scalp (Mensen, 

Riedner, & Tononi, 2016). The benefit to using this form of wavelet detection over traditional 

power analyses is increased sensitivity and specificity. For instance, spectral analyses sum all 

activity within a given frequency over a single channel, which can result in over- or 

underestimating activity in a specified band or region. By comparing activity to a negative 
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envelope of all regions, wavelets traveling across regions are more likely to be detected, and 

activity within the power band but outside the specified waveform is more likely to be rejected.  

Spindles were detected using a negative envelope at 10-15 Hz, the upper bound of which 

is consistent with other studies investigating spindles and memory integration (Hennies et al., 

2016; Tamminen et al., 2010). These studies specifically focused on “fast” spindles (12-15 Hz), 

which the current study will explore in Analysis B. Given that spindle ranges vary significantly 

from study to study, the lower bound of the spindle frequency was set at 10. This was done to 

encapsulate potential slow spindles, which can range from 8- or 9-12 Hz in SWS. The difference 

between fast and slow spindles will be further explored in Analysis B. Sleep spindle density (SS) 

was then calculated as the number of spindles per minute of sleep spent in N2 and SWS together. 

The difference between N2 and SWS will also be further explored in Analysis B. The spindle 

variables of interest include spindles after learning Set 1 and spindles after learning Set 2; 

however, these were found to be highly collinear (r = 0.835, p < 0.0001). For this reason, the 

difference in spindle activity after learning each set was calculated similar to the TST difference 

in Experiment 1. Thus, the variables of interest were spindles on the first night (SSn1) and the 

change in spindle activity from the first to the second night (SSn2-n1), which solved the problem of 

collinearity (r = -0.329, p = 0.213).  

3.2.2 Results 

 Of the participants tested, 9 were removed for admitting to thinking or talking about the 

paradigm, experimenter, or specific objects outside of the experiment, 3 were removed for 

incorrect administration of the paradigm, and 1 was removed for poor sleep on both nights (2 SD 

from the mean for each night). The final sample was thus reduced to 16 subjects (13 female, 
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mean age = 19.625). Seven participants were assigned to the no-reminder condition, and 9 to the 

reminder condition. 

3.2.2.1 Behavioral results 

The behavioral results are depicted in Figure 8. The purpose of these first two analyses 

was to test whether the current paradigm replicated the original results in Hupbach et al. (2009) 

regarding number of correct responses (i.e., Set 1 items correctly attributed to Set 1, or Set 2 

items correctly attributed to Set 2) and incorrect responses (i.e., Set 1 to Set 2 retrieval errors, or 

Set 2 to Set 1 intrusions).  

Correct responses 

The first analysis, a 2x2 factorial ANOVA on correct responses with set (1 versus 2) and 

group (reminder versus no-reminder) as independent variables showed main effects of both set, 

F(1, 14) = 8.056, MSE = 6.388, p < .05, and group, F(1,14) = 7.271, MSE = 3.848, p < .05. Set 1 

items (M = 18.125, SD = 2.125) were better remembered than Set 2 items (M = 16, SD = 2.966), 

and the no-reminder group (M = 18.429, SD = 1.828) correctly recalled more items than the 

reminder group (M = 16, SD = 2.931).  

Incorrect responses 

The second analysis, a 2x2 mixed ANOVA on incorrect responses with set (1 vs. 2) and 

group (reminder versus no-reminder) as independent variables showed main effects of set, F(1, 

14) = 5.813, MSE = 2.673, p < .05, group, F(1,14) = 16.488, MSE = 3.664, p < .01, and a set by 

group interaction, F(1,14) =  4.691, MSE = 2.674, p < .05. An analysis of simple effects shows 

the frequency of Set 1 to Set 2 retrieval errors did not differ between reminder and no-reminder 

groups, t(3, 28) = 1.062, p = .104; however, Set 2 items were attributed to the incorrect source 

more often by the reminder group (M = 4.889, SD = 2.421) than the no-reminder group (M = 
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.857, SD = .690), t(3, 28) = 4.653, p < .0001, replicating the original result reported in Hupbach 

et al. (2009).   

 

Figure 8. Mean percent items from each set wherein objects were either correctly or incorrectly attributed to the source (Set 1 or 
Set 2) across both groups (reminder vs. no-reminder). Error bars indicate standard errors of the means. Note: The analyses in the 
text are on number of items whereas the figure shows percentages of items from set. 

3.2.2.2 Sleep results 

 The PSG results are described in Table 3. The difference score was calculated for each 

variable representing the change from night 1 to night 2 (n2-n1). To determine whether the 

groups differed significantly in their sleep parameters, MANOVA was run with each sleep 

parameter (TSTn1, TSTn2-n1, percent N1n1, percent N1n2-n1, percent N2 n1, percent N2 n2-n1, percent SWSn1, 

percent SWSn2-n1, percent REMn1, percent REMn2-n1, SSn1, and SSn2-n1) as dependent variables. A main 

effect of group was found for N1n2-n1, F(1,14) = 6.091, p = .027. Specifically, the reminder group 

showed a decline in percent N1 sleep from night 1 to night 2 (Mn2-n1 = -1.44, SD = 1.67), whereas 

the no-reminder group showed an increase in percent N1 sleep from night 1 to night 2 (Mn2-n1 = 

0.90, SD = 2.14). While this change in percent N1 sleep across nights could reflect deeper sleep 
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in the reminder group on night 2, no differences were detected in so-called deeper sleep stages 

(SWS and REM) across groups. Furthermore, N1 sleep is not associated with memory processes; 

instead, both spindle activity and hippocampal memory consolidation have been localized to 

SWS and N2, neither of which showed significant differences across groups. Thus, percent N1 

was thus omitted from subsequent between-group analyses.   

Table 3. Polysomnography results. 

 

Due to issues pertaining to multicollinearity and limitations of statistical power, it was 

not feasible to conduct regression analyses to determine which sleep variables predict correct and 

incorrect responses (i.e., Set 1 to Set 2 retrieval errors and Set 2 to Set 1 intrusions) across 

groups. In particular, percent SWSn1 and SWSn2-n1 were found to be collinear with percent N2 n1, 

r(14) = -0.514, p = 0.042, and percent N2 n2-n1, r(14) = -0.730, p = 0.001, respectively. Thus, the 

following analyses focus on potential hypothesis-driven relationships between spindles and 

correct and incorrect responses in the reminder and no-reminder groups. Analyses on TST, N2, 

SWS, and REM are detailed in the appendix.  

Reminder group 

Correct responses 

A multivariate linear regression used SSn1, SSn2-n1, and their interaction as independent 

variables predicting correct responses (Set 1 and Set 2) in the reminder group, with night 1 SS, 

the difference in SS from night 1 to night 2, and their interaction as explanatory variables. Set 1 

correct responses were significantly predicted by spindle activity, F(3,5) = 6.646, R2 = 0.800, p  = 

Parameter

F p F p
TST (min) 420.656 ± 29.242 443.371 ± 23.283 2.818 0.115 12.678 ± 24.227 11.943 ± 24.594 0.004 0.953

N1 (% of TST) 4.344 ± 2.666 2.900 ± 1.292 1.720 0.211 -1.444 ± 1.671 0.900 ± 2.137 6.091 0.027 *

N2 (% of TST) 53.089 ± 5.607 55.414 ± 4.832 0.761 0.398 0.867 ± 5.509 -1.914 ± 6.518 0.857 0.370

SWS (% of TST) 21.011 ± 7.794 17.357 ± 3.405 1.325 0.269 -0.756 ± 4.856 -1.714 ± 8.387 0.083 0.778

REM (% of TST) 21.567 ± 5.861 24.343 ± 4.961 1.006 0.333 1.300 ± 5.126 2.743 ± 4.379 0.353 0.562

Spindle density 6.096 ± 2.216 7.075 ± 1.122 1.129 0.306 -0.186 ± 1.364 0.140 ± 0.400 0.369 0.553

Night 2 - Night 1

Reminder group No-reminder group

Data are presented as mean ± SD. N1, N2, SWS, and REM are calculated as percentage of TST. Spindle density is the number of spindles detected in both N2 and 

SWS stages divided by the minutes spent in those stages.

Night 1

Reminder group No-reminder group
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0.034, with a significant main effect of SSn1 indicating more spindle density after learning Set 1 

relates to more correct Set 1 responses, t = 4.445, β = 0.680, p = 0.007. On the other hand, Set 2 

correct responses did not significantly relate to spindle activity in the reminder group (p > 0.1). 

Incorrect responses 

A multivariate linear regression treated incorrect responses (Set 1 and Set 2) as dependent 

variables predicted by SSn1, SSn2-n1, and their interaction in the reminder group. Set 1 to Set 2 

retrieval errors were not found to be significantly related to spindle activity. On the other hand, 

Set 2 to Set 1 intrusions were significantly predicted by spindle density, F(3,5) = 6.578, R2 = 

0.798, p  = 0.035. A significant main effect of SSn2-n1 indicated that an increase in spindle density 

from night 1 to night 2 predicts more Set 2 to Set 1 intrusions in the reminder group, t = 3.814, β 

= 3.057, p = 0.013 (Figure 9a). This main effect was superseded by a significant SSn1 by SSn2-n1 

interaction, indicating that lower spindle density after learning Set 1 and higher spindle density 

increase in the sleep after learning Set 2 relates to more Set 2 to Set 1 intrusions in the reminder 

group, t = -2.755, β = -1.665, p = 0.040 (Figure 9b). These findings provide support for the first 

hypothesis that spindle activity after learning Set 2 relates to updating. Further analysis is 

necessary to determine whether these results are specific to the reminder group, or whether 

spindles predict correct and incorrect responses in the no-reminder group as well (see next 

section). 
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Figure 9. A. In the reminder group, increased spindle density from night 1 to night 2 is associated with more incorrect Set 2 
responses (intrusions, pink), but not Set 1 to Set 2 errors (black). B. This relationship is dependent on spindle density after 
learning Set 1 (Night 1 SS). High (yellow) and low (purple) values were calculated based on a median split of the data. 

No-reminder group 

The second hypothesis was that this relationship will be specific to intrusions in the 

reminder group but not correct responses in the no-reminder group. To test this, a multivariate 

regression predicting correct and incorrect responses was run on the no-reminder group, treating 

the SSn1 and SSn2-n1 as predictors. The interaction term was omitted due to limitations on statistical 

power and lack of strong theoretical justification. 

Correct responses 

Correct responses were not significantly predicted by spindle activity regardless of set in 

the no-reminder group (ps > .1), which supports the second hypothesis that spindles are related to 

updating but not general consolidation.  

Incorrect responses 

Set 2 to Set 1 incorrect responses were marginally significantly related to spindle activity, 

F(2,4) = 6.811, R2 = 0.773, p  = 0.052. There were no significant effects of spindle activity on Set 

1 to Set 2 incorrect responses (p > 0.5). 
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3.2.3 Discussion 

 The primary finding of Analysis A is that increased spindle density in the reconsolidation 

sleep, or the sleep after reactivation and learning Set 2, relative to the sleep after learning Set 1 is 

related to increased intrusions in the reminder condition. This result supports the first hypothesis 

that spindles underlie the incorporation of the novel Set 2 experience into the existing Set 1 

knowledge structure. Interestingly, night 2 spindle activity is more likely to positively predict 

intrusion rate when spindle activity on night 1 is low. This result is consistent with Experiment 1, 

which showed less sleep after learning Set 1 and more sleep after learning Set 2 positively 

predicted intrusions. However, in Analysis A, there was no main effect of spindle density on 

night 1, indicating that spindle density in the sleep after learning Set 1 is not sufficient to explain 

the updating effect. Instead, an increase in spindle activity in the sleep after learning Set 2 is 

necessary for intrusions to emerge in the reminder condition.  

Interestingly, spindles’ contribution to memory in the reconsolidation paradigm was not 

limited to intrusions as a function of the reminder as originally predicted. Contrary to the first 

hypothesis, spindle activity after learning Set 1 was also related to an increase in Set 1 correct in 

the reminder group. These findings are somewhat surprising given the results of Experiment 1, 

which showed no relationship between sleep amount on either night and Set 1 correct or Set 1 

retrieval errors. Instead, Analysis A shows a relationship between spindles and remembering the 

Set 1 source such that more spindles after learning Set 1 result in better Set 1 memory. It is 

currently unclear what this result means for the theory regarding integration, as the original 

prediction was that spindles would support intrusions in the sleep after learning Set 2, but not 

consolidation after learning Set 1. It appears that spindle activity may play a role in the initial 

consolidation of the Set 1 memory, at least in the reminder group. This possibility, as well as 
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another theory regarding interindividual differences in spindle activity, is further explored in the 

General Discussion section of this chapter. 

Drawing from the existing literature on sleep spindles and memory, a few explanations 

for the current results emerge, which will be the basis for further exploration in Analysis B. First, 

it is possible that the function of spindles depends on the stage of sleep during which they are 

active. Evidence from studies differentiating N2 spindles from SWS spindles indicate that the 

former may be involved in depotentiation processes necessary for integration of new information 

with existing cortical assemblies (Hennies et al., 2016; Poe, 2017), whereas the latter may be 

involved in the veridical strengthening of hippocampal memory (Cox, Hofman, & Talamini, 

2012). Furthermore, a number of studies distinguish between fast and slow spindles, noting that 

fast spindles tend to drive subsequent SOs and SO-to-spindle coupling during SWS (Mölle et al., 

2011). Fast spindles are also implicated in memory processes during N2, as van der Helm et al. 

(2011) demonstrated that item-context associations were predicted by N2 fast spindles, but not 

slow spindles. These possibilities are explored in the following analysis. 

3.3 Experiment 2 – Analysis B 

The purpose of Analysis B is to investigate other parameters of spindles that may be 

predictive of consolidation and reconsolidation to clarify the effects observed in Analysis A. The 

first goal is to distinguish spindles in N2 from those occurring in SWS to test potential 

differences in memory processes involved in reconsolidation. Poe (2017) notes that 

depotentiation is necessary for cortical integration to occur in order to weaken superfluous 

synaptic connections prior to integration of new information. The proposed process is driven by 

periods of NE inactivity, which the author notes only occurs in N2; thus, spindles occurring in 

this stage of sleep may be responsible for integration-specific memory processing, whereas the 
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continuous NE activity in SWS spindles may play a role in more general, veridical memory 

consolidation. Indeed, Hennies et al. (2016) demonstrated a relationship between N2 spindles 

and integration of new facts into an existing schema, but not general consolidation of the facts 

themselves. On the other hand, Cox, Hofman, and Talamini (2012) found explicit recall of events 

from a film was driven by spindles occurring in SWS, not N2. In other words, it seems N2 

spindles may support memory through assimilation of knowledge with established stores, 

whereas SWS spindles support more general, veridical consolidation. 

Pertinent to the current study, if N2 spindles reflect integration processes, then there 

should be a positive relationship between N2 spindles after learning Set 2 and intrusions in the 

reminder group, similar to Analysis A. On the other hand, if SWS spindles reflect general, 

veridical strengthening of hippocampal memory, then two predictions follow regarding memory 

performance in the no-reminder and reminder groups. First, a positive association between SWS 

spindles and correct responses would be expected following learning of both sets in the no-

reminder group. This finding would be consistent with several studies implicated SWS spindles 

in hippocampal memory consolidation (e.g., Cox et al., 2012; Ngo et al., 2013). Second, one 

could predict a positive association between SWS spindles after learning Set 1 and Set 1 correct 

recognition in the reminder group, consistent with the predictions in the no-reminder group. 

Similarly, a negative association between SWS spindles after learning Set 2 and retrieval errors 

would be expected in the reminder group, providing support that SWS spindles promote 

consolidation through a reduction in errors.  

 An emerging literature stresses the temporal dynamics of SWS spindles to explain their 

contribution to memory consolidation processes. Studies investigating spindle activity during 

SWS note that fast spindles, which are typically categorized as around 12-15 Hz and dominate 
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central and parietal regions, tend to occur on the up-state of the SO. On the other hand, slow 

spindles, which are categorized as 9-12 Hz and are usually found in frontal regions, are more 

prevalent in the transition to the down state (Mölle et al., 2011; Ngo et al., 2013). Further, being 

more likely to precede slow spindles, fast spindles seem to compel subsequent SO-slow spindle 

trains (Mölle et al., 2011). In part as a function of this arrangement, fast spindles during SWS 

have been associated specifically with memory consolidation by priming cortical circuits to 

receive hippocampal replay (Mölle et al., 2011; Ngo et al., 2013). In addition, whereas slow 

spindles tend to be specific to SWS, fast spindles can occur in either SWS or N2 (Mölle & Born, 

2011). Indeed, fast spindle activity during N2 has also been associated with hippocampal 

memory processing (van der Helm et al., 2011). Thus, in the current experiment, fast spindles 

should underlie memory consolidation and reconsolidation, with no effect of slow spindles on 

any memory variable.  

3.3.1 Methods 

Analysis B used the same dataset as Analysis A. Thus, the methods, participants, design, 

materials, and procedure for the following results are identical to the prior section. 

3.3.1.1 Measures  

Memory 

Identical to Analysis A, the memory variables of interest are number of correct responses 

(Set 1 items remembered as belonging to Set 1; Set 2 items remembered as belonging to Set 2) 

and incorrect responses (Set 1 to Set 2 retrieval errors; Set 2 intrusions into Set 1) in both the 

reminder and no-reminder groups. 
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Spindles 

 Spindles occurring in N2 were differentiated from spindles occurring in SWS by 

extracting relevant EEG periods from the sleep record and running the spindle detection 

algorithm for N2 and SWS separately. Fast spindles were detected in these stages by changing 

the frequency of interest to 12-15 Hz, consistent with Hennies et al. (2016). The same was done 

for slow spindles, which were defined as activity in the 9-12 Hz range (Ngo et al., 2013). The 

sleep spindle density (SS) was again calculated by dividing the spindle count by the number of 

minutes spent in that stage. The difference score was also calculated in the same way as Analysis 

A, by subtracting the spindle density in the sleep after learning Set 1 from the spindle density in 

the sleep after learning Set 2. 

3.3.2 Results 

3.3.2.1 Spindle differences between groups 

 The between-group differences for N2, SWS, fast, slow, N2 fast, N3 fast, and N3 slow 

SS are illustrated in Table 4. A between-groups MANOVA entering group (reminder and no-

reminder) to predict each SS parameter shows no significant differences, with the exception of a 

marginal effect of group for Fast N3 SS, F(1,14) = 3.574, p = 0.080.  

Table 4. Differences in sleep spindle density (SS) parameters across groups. 

 

3.3.2.2 N2 versus SWS spindles 

In the following set of analyses, the reminder and no-reminder groups were again 

analyzed separately due to the distinct predictions of spindle density on correct and incorrect 

Parameter
F p F p

N2 SS 6.405 ± 2.447 7.372 ± 1.016 0.954 0.345 5.781 ± 4.439 5.919 ± 3.041 0.324 0.578
N3 SS 5.248 ± 2.097 6.169 ± 1.504 0.959 0.344 -0.106 ± 0.939 -0.045 ± 0.609 0.022 0.884
Fast SS 11.982 ± 4.791 12.459 ± 2.266 0.059 0.812 -0.733 ± 1.848 0.479 ± 0.496 2.815 0.116
Slow SS 5.781 ± 4.439 5.919 ± 3.041 0.005 0.945 -2.029 ± 1.552 -2.182 ± 1.238 0.025 0.877
Fast N2 SS 6.568 ± 2.221 6.364 ± 1.051 0.050 0.827 0.285 ± 1.715 0.309 ± 0.335 0.001 0.971
Fast N3 SS 5.414 ± 2.631 6.095 ± 1.308 0.389 0.543 -1.018 ± 1.609 0.170 ± 0.418 3.574 0.080 †
Slow N3 SS 2.528 ± 2.579 2.073 ± 1.517 0.170 0.687 0.101 ± 0.494 0.130 ± 0.508 0.013 0.911

Night 2 - Night 1
Reminder group No-reminder group

Data are presented as mean ± SD.

Night 1
Reminder group No-reminder group
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responses in the two groups. To distinguish the effects of spindles occurring in N2 to those 

occurring in SWS on reconsolidation, two multivariate multiple linear regressions were run on 

the dependent variables correct and incorrect responses. A Bonferroni correction to 0.025 was 

applied to avoid inflation of family-wise error from multiple comparisons (Field, Miles, & Field, 

2013). The family in this case was defined as the sleep stage of the spindle activity analyzed, 

with two comparisons: N2 and SWS. 

Reminder group 

In the reminder group, the first model entered N2 SSn1, N2 SSn2-n1, and the interaction as 

independent variables, while the other did the same for SWS SS. The results, illustrated in 

Figures 10 and 11, are explained in the following sections.  

Correct responses 

N2 spindles did not significantly relate to correct responses from either set in the 

reminder group (ps > .05). SWS spindles predicted Set 2 correct responses at the 0.05 level, 

F(3,5) = 6.215, R2 = 0.789, p = 0.039; however, the omnibus test did not survive a Bonferroni 

correction for multiple comparisons. There was a main effect of SWS SSn2-n1 such that an increase 

in SWS spindle density from night 1 to night 2 was related to more correct Set 2 responses in the 

reminder group, t = 3.708, β = 3.288, p = 0.014. This effect was superseded by a negative 

interaction term that shows lower SWS SSn1 and increased SWS SSn2-n1 contributes to Set 2 correct 

responses, t = -2.812, β = -1.863, p = 0.038 (Figure 10). Although these results should be 

interpreted with caution considering the omnibus test was only significant at the 0.05 level and 

not at the corrected 0.025 level (i.e., avoiding a Type I error), one would not want to ignore a 

potentially informative effect (thus committing a Type II error).  
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Figure 10. The interactions between SWS SS on night 1 and the difference in SWS SS from night 1 to night 2 predicting Set 2 
correct in the reminder condition. High (yellow) and low (purple) values were determined based upon a median split of the data.  

Incorrect responses 

On the other hand, Set 2 to Set 1 intrusions were significantly predicted by N2 spindle 

activity at the 0.025 level in the reminder group, F(3,5) = 11.87, R2 = 0.877, p = 0.010. A main 

effect of N2 SSn2-n1 shows Set 2 to Set 1 intrusions in the reminder group are driven in part by an 

increase in N2 spindles from night 1 to night 2, t = 4.899, β = 2.679, p = 0.005. However, this 

main effect is superseded by an interaction between N2 SSn1 and N2 SSn2-n1, indicating that the 

spindle-related increase in Set 2 to Set 1 intrusions depends in part on a lower N2 spindle density 

on night 1, t = -3.157, β = -1.315, p = 0.025 (Figure 11). There were no significant effects of N2 

spindles on Set 1 to Set 2 retrieval errors, p > 0.05. Furthermore, SWS spindles did not predict 

incorrect responses from either set, ps > 0.05. 

 

Figure 11. The interactions between N2 SS on night 1 and the difference in N2 SS from night 1 to night 2 predicting Set 2 to Set 
1 intrusions in the reminder condition. High (yellow) and low (purple) values were determined based upon a median split of the 
data.  
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No-reminder group 

Similar to the analyses above, multivariate regressions were run to determine the effect of 

N2 and SWS SS (independent variables) on correct and incorrect responses (dependent 

variables) in the no-reminder group. For these analyses, N2 (or SWS) SSn1 and N2 (or SWS) SSn2-n1 

were entered as main effects. As in Analysis A, the interaction term was omitted due to 

limitations in statistical power. Family-wise error rate was again corrected to 0.025 to account 

for the two comparisons (N2 and SWS).  

Correct responses 

N2 spindles and SWS spindles were not significant predictors correct responses for either 

set in the no-reminder group at either the 0.05 level or the corrected 0.025 level, ps > 0.1. 

Incorrect responses 

Similarly, N2 and SWS spindles were not significantly related to incorrect responses for 

either set in the no-reminder group at either level, ps > 0.05.  

3.3.2.3 Fast versus slow spindles 

Next, multivariate regressions entered fast and slow SS (across N2 and SWS combined) 

as independent variables predicting correct and incorrect responses in the reminder and no-

reminder groups. A Bonferroni correction was again applied (p = 0.025) to account for the two 

comparisons in the family of spindle frequency (fast and slow). 

Reminder group 

 The independent variables fast (or slow) SSn1, fast (or slow) SSn2-n1, and their interaction 

were used to predict correct and incorrect responses in the reminder group, the results of which 

are detailed in the sections below. 
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Correct responses 

Neither of the models (fast SS or slow SS) statistically significantly predicted correct 

responses in the reminder group at either the 0.05 level or the corrected 0.025 level, ps > 0.1.  

Incorrect responses 

Similarly, neither fast SS nor slow SS were found to be related to incorrect responses in 

the reminder group at either level, ps > 0.1. 

No-reminder group 

 In the no-reminder group, fast (or slow) SSn1 and fast (or slow) SSn2-n1 were treated as 

independent variables predicting correct and incorrect responses. Consistent with all other 

analyses in the no-reminder group, the interaction term was omitted for limitations of statistical 

power. 

Correct responses 

Correct responses were not predicted by either fast or slow SS in the no-reminder group 

at either the 0.05 or corrected 0.25 level, ps > 0.1. 

Incorrect responses 

No significant effects were detected at either 0.05 or 0.025 for fast and slow spindles and 

incorrect responses in the no-reminder condition, ps > 0.05. 

3.3.2.4 Fast versus slow spindles in N2 versus SWS 

 In the last set of analyses, N2 and SWS were analyzed separately for fast and slow SS. 

Given that slow spindles are restricted to SWS (Mölle & Born, 2011), the variables of interest 

were limited to N2 fast SS, SWS fast SS, and SWS slow SS. With three comparisons, the family-

wise error rate was corrected to 0.05/3 = 0.0167.  
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Reminder group 

Three multivariate regressions predicted correct and incorrect responses by fast N2 (or 

fast SWS, or slow SWS) spindles in the reminder group, with SSn1, SSn2-n1, and their interaction as 

dependent variables for each model.  

Correct responses 

None of the SS variables (fast N2, fast SWS, or slow SWS) statistically significantly 

predicted correct responses in the reminder group at either the inflated or corrected error rate, ps 

> 0.05.  

Incorrect responses 

 Similarly, the fast N2 spindles, fast SWS spindles, and slow SWS spindles were not 

significantly related to incorrect responses in the reminder group at either error rate, ps > 0.05. 

No-reminder group 

 The last set of analyses used the three SS variables (fast N2, fast SWS, or slow SWS) to 

predict correct and incorrect responses in the no-reminder group. Consistent with all other 

analyses on the no-reminder group, the models entered SSn1 and SSn2-n1 as main effects, omitting 

the interaction for statistical power. 

Correct responses 

 Neither fast N2, fast SWS, nor slow SWS spindle activity predicted correct responses in 

the no-reminder group at either the inflated or corrected error rate, ps > 0.05. 

Incorrect responses 

 Similarly, neither fast N3, fast SWS, nor slow SWS spindles were related to incorrect 

responses in the no-reminder group at either error level, ps > 0.1. 
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3.3.3 Discussion 

 The main result of Analysis B is that an increase in N2 spindle density in the sleep after 

learning Set 2 relative to the sleep after learning Set 1 is related to a higher Set 2 to Set 1 

intrusion rate in the reminder group. Like the results of the prior analyses, this relationship is 

strongest when N2 spindle rate is low after learning Set 1. These findings lend partial support to 

the hypothesis that N2 spindles in the sleep after learning Set 2 underlie memory reconsolidation 

through integration of Set 2 with Set 1; however, the inverse relationship between intrusions and 

N2 spindle density after learning Set 1 demonstrates a dual role for these events in episodic 

memory reconsolidation that is not limited to intrusions. As predicted, it seems N2 spindles are 

related to the restabilization of reactivated memories in a way that allows the Set 2 items to 

become associated with the Set 1 source. However, the data suggest that N2 spindles may also 

contribute to the initial stabilization of Set 1 such that fewer spindles results in a memory that is 

more susceptible to reactivation. Similarly, SWS spindles predict correct Set 2 attributions in the 

reminder group such that an increase in SWS spindles in the sleep after reactivation and learning 

of Set 2 relative to the sleep after learning Set 1 is associated with better Set 2 memory (although 

this was only detected at the 0.05 level, not the corrected 0.025 level). Further, this relationship 

is magnified when SWS spindle density is low after learning Set 1, although again these effects 

do not survive the Bonferroni correction. Contrary to the second hypothesis and the results of the 

prior experiment, memory in the no-reminder condition was not related to spindle density in 

either stage. Also contrary to the original hypotheses, none of the memory variables were 

predicted by fast or slow spindles in either stage.  
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3.4 Discussion 

Taken together, the results of Experiment 2 show that spindle density after reactivation is 

a robust reflection of sleep-dependent memory updating in the reconsolidation paradigm. An 

increase in spindle density, and in particular N2 spindle density, after learning Set 2 was 

associated with more Set 2 to Set 1 intrusions in the reminder group. Also consistent across both 

experiments, this spindle-related rise in intrusion rate was stronger when spindle rate after 

learning Set 1 was low. This finding appears to be consistent with the results of Experiment 1 

showing that less sleep after learning Set 1 contributes to updating, perhaps resulting in a 

memory that is more susceptible to reactivation. However, given the predicted specialization of 

N2 spindles for integration—not general memory consolidation—this finding appears to 

contradict the original hypothesis that N2 spindles would specifically predict memory updating, 

but not initial consolidation of the first set.  

There are several potential interpretations of this result, most of which will be explored in 

the following chapter; however, two of them will be discussed here. The first is that N2 spindles 

do not specifically promote integration of novel but related information into an existing cortical 

trace as originally hypothesized. After all, it can be argued that if they were, then N2 spindle 

density after learning Set 1 could not predict Set 2 intrusions because there is no reactivated trace 

at that time into which the new information could assimilate. Instead, N2 spindles may promote 

consolidation of source memory (van der Helm et al., 2011) or memory in general (Nishida, 

Walker, Ukai, Shinosaki, & Murphy, 2007). However, this interpretation is incomplete given the 

current data. If N2 spindles simply corresponded to general memory processes, or consolidation 

of item-to-context associations, then Set 2 learning should be facilitated by N2 spindle activity in 

the sleep after learning Set 2 in no-reminder group as well. Yet, in the current analyses, no main 
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effect of N2 spindles after learning Set 2 was found to predict correct or incorrect responses in 

the no-reminder group. 

An alternative explanation is that the spindle activity in the sleep after learning Set 1 

reflects a trait-, rather than state-like variable. Spindle activity has been found to vary 

significantly from person-to-person (De Gennaro, Ferrara, Vecchio, Curcio, & Bertini, 2005), 

reflecting differences in age (Crowley, Trinder, Young, Carrington, & Colrain, 2002; Munch et 

al., 2004), sex (Gaillard & Blois, 1981), and cognitive ability (Fogel & Smith, 2011), among 

others. N2 spindle activity in particular has been shown to predict scores on tests of IQ (Fogel, 

Nader, Cote, & Smith, 2007; Fogel & Smith, 2011; Schabus et al., 2008), in particular on 

visuospatial subscales (Fogel et al., 2007). In the current study, the variable representing spindle 

density increase or decay from night 1 to night 2 somewhat normalizes individual differences, 

making it a more accurate and robust measure of learning-related spindle activity across 

participants than the raw density on a given night. Since no such calculation was available for the 

sleep after learning Set 1, the raw spindle density is more susceptible to interindividual 

variability and thus likely reflects a trait-like difference in spindle activity, and perhaps 

visuospatial IQ (Fogel et al., 2007), between participants.  

Interpreting the current results in this framework, participants who tend to have fewer N2 

spindles overall are more likely to show updating as a function of increased N2 spindle activity 

after reactivation and learning of Set 2. This finding is consistent with Schabus et al., (2004), 

who found that subjects whose N2 spindle density increased relative to a control night were more 

likely to show memory enhancement of word pairs, and that this enhancement correlated with 

the amount of N2 spindle density increase from night 1 to night 2. Furthermore, that there is no 

significant main effect of spindle density in the sleep after learning Set 1 for either memory 
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variable indicates that these interindividual differences in spindle activity are not sufficient to 

explain these effects. Instead, the change in spindle activity from night 1 to night 2 likely reflects 

processes occurring at encoding of Set 2. Indeed, another study by Schabus et al. (2008) 

demonstrated that “gifted” participants (or those scoring in the upper half on a cognitive and 

memory tests) showed higher spindles overall; however, spindle-increase specifically predicted 

explicit memory improvement independent of individual learning traits. If night 1 spindles 

reflect a trait-like variable related to visuospatial IQ, then participants who tend to show fewer 

N2 spindles are more likely to show a benefit of N2 spindles in the integration of the Set 2 items 

with the Set 1 memory. This result is consistent with unpublished data in our lab demonstrating 

that lower performance on a spatial awareness task administered after the reconsolidation 

paradigm is associated with more Set 2 to Set 1 intrusions (unpublished data). It appears that 

spatial awareness, visuospatial IQ, and their relationship to sleep spindles should be explored for 

explanatory relationships with episodic memory updating. 

The trait-like interpretation of night 1 spindle activity leaves a few open questions. 

Namely, both Fogel et al. (2007) and Schabus et al. (2008) separated N2 and SWS spindles and 

found N2 spindles specifically predicted visuospatial abilities but not spindles in SWS; however, 

neither study analyzed spindles across both stages together to see if there was a combined effect 

as was done in Analysis A. As a result, it is difficult to explain the effects observed in Analysis 

A in which night 1 spindles correlate with Set 1 correct responses in the reminder group. It could 

be that collapsing across N2 and SWS combines the trait (cognitive ability) and state (encoding 

strength) differences in sleep spindles, resulting in a magnified effect that disappears when 

spindles are differentially compared across N2 and SWS. Nevertheless, further research is 

necessary to determine the differential effects of SWS and N2 spindles on interindividual 
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differences in cognitive traits, and how this relates to veridical and updated memory in the 

reconsolidation paradigm. 

There are a few limitations to the current experiment that warrant careful interpretation of 

the results. The first is the uneven samples in the reminder (n=9) and no-reminder (n=7) 

conditions. That there were more subjects in the reminder group may have made it easier to 

detect an effect, which could have been why no significant relationships were found between 

sleep and memory in the no-reminder group. Thus, further research is needed to determine the 

dissociation of sleep’s contribution to memory with and without spatial-contextual reactivation. 

Second, the high rate of recognition in both groups for Set 1 may have created a ceiling effect, 

wherein differences in sleep-dependent memory consolidation were present but not detectable. 

Similarly, the no-reminder group had high recognition performance on Set 2, which may have 

masked any effect of sleep on consolidation of this memory.  

Finally, no significant effects were observed for fast or slow spindles in either sleep 

stage. This contradicts a number of studies implicating fast spindles in particular in a variety of 

sleep-dependent memory processes (i.e., Hennies et al., 2016; Tamminen et al., 2010; van der 

Helm et al., 2011). This result is likely due to a failure of the current study to account for the 

significant amount of variation in the frequency bands chosen to reflect so-called “fast” and 

“slow” spindles in the literature. For instance, whereas Marshall, Molle, Hallschmid, & Born 

(2004), Ngo et al. (2013) and others define slow spindles as around 8-12 Hz and fast as 12-15 

Hz, Hennies et al. (2016),  Mednick et al. (2013), Tamminen et al. (2010), and van der Helm et 

al. (2011) define slow and fast spindles as around 11-13 Hz and 13-15 Hz, respectively. One 

reason for the discrepancy is that lower frequency bands seem to be included when SWS 

spindles are the primary variable of interest (Marshall et al., 2004; Ngo et al., 2013), whereas 
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faster bands are specified when the authors are interested in spindles occurring primarily in N2 

(Hennies et al., 2016; Tamminen et al., 2010; van der Helm et al., 2011). The current study did 

not make this distinction, which likely resulted in a null effect of fast and slow spindle bands.   



 74 

CHAPTER 4:  

GENERAL DISCUSSION  

 Memories must be open to transformation in order to meet changing needs of the 

organism in its environment. Prevailing theories of memory (i.e., the standard model) 

inadequately portray the universal experience that memories qualitatively change over time; 

instead, these accounts paint memory consolidation as the means to an end in which memory 

becomes firmly established in neocortex and no longer dependent on the hippocampus (Nadel & 

Hardt, 2011). In addition, theories of sleep-dependent memory (such as active systems theory) 

have only recently begun to incorporate the specialized role of the hippocampus in coding the 

spatial-contextual details of experience, and how the loss of these details via offline processes 

can result in a more generalized, semantic representation over time (Hardt et al., 2013; Inostroza 

& Born, 2013; Nadel, Hupbach, Gomez, & Newman-Smith, 2012).  

The current study attempts to address these disparities by exploring sleep-dependent 

processes within a paradigm that uses a spatial-contextual reminder to manipulate established 

episodic memories. The dissertation accomplished this in three steps: 1. Determine whether sleep 

contributes to updating and reconsolidation of reactivated memories (Experiment 1), 2. If so, 

identify specific events in the sleep EEG thought to underlie communication from the 

hippocampus to neocortex as potential mechanisms for reconsolidation (Experiment 2, Analysis 

A), and 3. Establish what, if any, specific characteristics of the sleep EEG distinguish sleep-

dependent memory updating from veridical consolidation processes (Experiment 2, Analysis B). 

Participants underwent the human episodic memory reconsolidation paradigm developed by 

Hupbach et al., (2007). This paradigm has shown that when participants are reminded of a past 

experience before learning new information, they tend to believe that this new knowledge was 

acquired at the time of the prior experience when tested in Session 3 (Hupbach et al., 2007, 2009, 
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2011, 2008). That these new items only intrude into the old memory after a delay (Hupbach et 

al., 2007) and are driven primarily by a spatial-contextual component of the reminder (Hupbach 

et al., 2008) indicate that the reminder reactivates the hippocampal link binding items in cortex, 

returning the established memory to a labile state. Learning new information shortly thereafter 

followed by a period of reconsolidation results in incorporation of the new items with the old 

memory, a result that only occurs if participants are reminded of the old experience prior to new 

learning (Hupbach et al., 2007, 2009). 

Pertinent to the present experiments, sleep after reactivation of the first memory and 

encoding of the second presents a unique opportunity to explore offline hippocampal processes 

underlying reconsolidation. The actigraphy results of Experiment 1 indicated that, consistent 

with prior work on this topic (Klinzing et al., 2016; Walker et al., 2003) reconsolidation of the 

old memory is supported by a period of sleep. In particular, intrusions were positively related to 

total sleep amount after reactivation and new learning relative to sleep after the first night. These 

results were replicated using spindle density in Experiment 2, which found that following a 

reminder, intrusions increased as a function of spindle density increase in the sleep after the 

second learning experience relative to sleep after the first. Further analyses implicated N2 

spindles in reconsolidation of an updated trace in particular. Increased N2 spindle density in the 

sleep following reactivation and new learning predicted increased intrusions; however, N2 

spindle density was not related to memory for the second learning event if participants were not 

first reminded of the prior set.   

In the concluding chapter of this dissertation, I entertain two possible explanations for 

these results. The first is that sleep, and perhaps spindle activity in particular, facilitates 

reconsolidation through item-to-context binding. In this explanation, the effect observed in the 
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episodic memory reconsolidation paradigm reflects nothing more than basic memory processes, 

rather than integration of new knowledge into an existing trace. In the second explanation, 

sleep’s role in memory reconsolidation is more nuanced. Sleep spindles specifically support 

memory updating via the disengagement of the hippocampal trace, resulting in 

decontextualization of the memory over time. I explore these two explanations in turn in the 

following sections.  

4.1 Sleep and Item-to-Context Binding 

In the first explanation, the effects observed here simply reflect basic offline memory 

processes, such as strengthening of a fragile memory for long-term storage. Sleep may enhance 

the association of each item to the context in which it was learned, or between items and other 

items associated with that context. This idea is based on the predictions made by the temporal 

context model (TCM; Sederberg et al., 2011), first addressed in Chapter 1 of this dissertation. 

TCM explains memory processes in terms of an item layer and a context layer, in which 

associations can be made as item-to-item and item-to-context. In the reconsolidation paradigm, 

each set is associated with its own temporal context, which takes into account not only spatial 

components but also participant mental state, time of day, and other subtle environmental cues. 

Importantly, reinstating the Set 1 temporal context prior to learning Set 2 results in the Set 2 

items being associated with both the Set 1 temporal context and its own unique context. Thus, 

recall of Set 1 in the reminder group elicits both items from Set 1 and items from Set 2, whereas 

no such effect is observed in the no-reminder group.  

While TCM makes no specific predictions about the role of sleep in reconsolidation, van 

der Helm et al. (2011) found fast N2 spindles over frontocentral areas correlated positively with 

an improvement in context memory, or memory for a relationship between an item and some 
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aspect of the context in which it was learned. Importantly, spindles did not predict memory for 

the items themselves, indicating “sleep…selectively strengthens more hippocampal-dependent, 

contextual aspects of episodic events” (van der Helm et al., 2011). Applying this finding to the 

current results in the framework of TCM, the spindle-related differences observed in Experiment 

2 could be the function of consolidating item-to-context associations, rather than reconsolidation 

per se. Using TCM explains the asymmetric spindle differences in the reminder group: 

Reinstatement of the temporal context associated with Set 1 results in the overlapping 

association of Set 2 with both the Set 1 context and the unique Set 2 context. If spindles reflect 

binding of items to their associated context, then spindles in the sleep after Set 2 would underlie 

Set 2 to Set 1 intrusions, as was seen in Experiment 2. 

There are three problems with this explanation based on the predictions that follow. First, 

fewer spindles would mean less robust item-to-context binding, resulting in more bidirectional 

errors in the reminder group. However, intrusions were more frequent than retrieval errors in the 

reminder group, and there was no significant relationship between spindles and Set 1 items 

misremembered as Set 2 in either condition. Second, this explanation also predicts a positive 

relationship between spindle activity and correct responses in the no-reminder group, which 

would theoretically underlie the Set 1 items becoming associated with the Set 1 context and Set 2 

items with the Set 2 context. However, the current study shows no relationship between spindles 

and correct responses in the no-reminder group. Finally, this account does not explain the 

specificity of N2 spindles for the emergence of intrusions that was observed in Experiment 2. If 

N2 spindles preferentially consolidate associations between items and context (van der Helm et 

al., 2011), then N2 spindles would predict not only intrusions in the reminder group, but also 
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correct source attributions in both groups. However, the only significant relationship found for 

N2 spindles was with Set 2 to Set 1 intrusions in the reminder group. 

 In addition, the current paradigm offers a unique opportunity to examine whether 

reconsolidation responds to a manipulation in the temporal context as defined by TCM, in 

addition to the spatial context (Figure 12). TCM’s predictions about reconsolidation state that it 

is the temporal, not spatial context that contributes to unidirectional intrusions in the reminder 

group. In the original study, the temporal context happened to coincide with the spatial context; 

in other words, as the spatial context changed or remained unchanged in the reconsolidation 

paradigm, so did the temporal context in the TCM account. However, the application of the 

reconsolidation paradigm in Experiment 2 differs from prior studies in that it employs an 

acclimation night, which establishes a larger, more global context prior to undergoing the 

learning sessions. Since these acclimation nights always took place in the same building as 

testing, albeit in a different room, and were intended to familiarize the participant with the PSG 

setup and sleep room, the acclimation night establishes a temporal context (Global Temporal 

Context) to which participants are re-exposed after learning each set. According to TCM, this 

reinstatement after the first learning experience would cause the Set 1 items to become 

associated with the acclimation night temporal context, in addition to its unique temporal context 

(Temporal Context A). With regard to the second learning experience, re-exposure after learning 

Set 2 would cause Set 2 items to become associated with the Global Temporal Context in both 

conditions, in addition to its own temporal context (Temporal Context B).  
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Figure 12.	Hypothesized application of TCM to the current study, which establishes a temporal context prior to the 
reconsolidation paradigm via the acclimation night (Global Temporal Context). Re-exposure to the building, PSG setup, and 
sleep room after learning Set 1 should cause Set 1 items to become associated with the Global Temporal Context and Temporal 
Context A, and re-exposure after learning Set 2 results in association to the Global Temporal Context and Temporal Context B in 
both groups. Given the shared temporal context between them, reinstatement of the first set in memory should thus elicit Set 2 
intrusions in both the reminder and no-reminder conditions. 

In alignment with TCM, reminding participants of the prior learning experience causes 

the items in the second set to become associated with both Temporal Context A and Temporal 

Context B, explaining increased intrusions of Set 2 items into Set 1 recall in this group. Yet, in 

the current paradigm, the no-reminder condition also theoretically shares overlapping 

representations between Set 1 and Set 2 via the Global Temporal Context. In other words, the 

increased intrusion rate would also be observed for the no-reminder group as a function of the 

acclimation night, since recalling Set 1 would elicit items associated with the Global Temporal 

Context, such as items from Set 2. Furthermore, this effect would not be unidirectional for either 

group; since the Global Temporal Context is shared across all learning experiences, Set 1 should 

intrude into the memory of Set 2 at the same rate as Set 2 into Set 1. However, the data from 

Experiment 2 showed a unidirectional effect of intrusions that was restricted to the reminder 

group, as was observed in the original studies observing this phenomenon (Hupbach et al., 2007, 
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2009, 2008). Interpreted this way, these findings provide further support for the role of spatial 

context, thus the hippocampus, in the reactivation of previously consolidated episodic memories.  

4.2 Spindles and Decontextualization 

 In contrast to strengthening the contextual link, the physiological events occurring in the 

sleep EEG may actively support the forgetting of episodic details (Hardt et al., 2013) in order to 

facilitate integration of new information with the old memory (Poe, 2017). Indeed, Hennies et al. 

(2016) found that higher N2 spindle density was related to the rate of recall of schema-related, 

but not non-schema related facts learned before sleep. Importantly, this pattern was 

supplemented by decreased hippocampal activation during recall of the schema-related facts, 

implicating spindle activity with hippocampal disengagement in the assimilation of new 

information with existing knowledge. Mechanistically, the N2 spindle is a likely candidate for 

such forgetting due to the lack of LTP-promoting norepinephrine activity immediately preceding 

its onset, a pattern not present in oscillations occurring in SWS (Poe, 2017). This explanation 

could account for findings not predicted by TCM, such as why sleep, and in particular N2 

spindle density after the first learning experience negatively predicts intrusions. Increased N2 

spindles in the present study may reflect a decline in hippocampal engagement, similar to 

Hennies et al. (2016). In the sleep after the first learning experience, disengagement of the 

hippocampus results in a memory that is less context-dependent, and thus less likely to be 

reactivated as a function of the contextual reminder. In the sleep after Set 2, this 

decontextualization promotes integration of the new information with the existing memory for 

Set 1. This account also provides an explanation for why N2 spindles are not related to memory 

in the no-reminder condition, as recognition does not directly measure decontextualization in this 

condition as it does in the reminder group. 
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SWS spindle activity, on the other hand, is a likely mechanism for veridical memory 

consolidation, which could include strengthening of the contextual detail of an experience. The 

constant noradrenergic activity during this stage of sleep implicates plastic processes protecting 

against memory loss over sleep (Poe, 2017). It should be noted that the experiments described 

here do not investigate consolidation of memory for the items themselves, but rather 

consolidation of the memory of the source as it relates to the items from each set. Thus, if SWS 

spindles consolidate contextual detail of an episodic memory, then an increase in SWS spindle 

activity in the sleep after Set 2 should predict better source memory for the Set 2 items. While 

this was observed in the reminder group in Experiment 2, the result did not survive a correction 

for multiple comparisons. However, the results relating N2 spindles to intrusions indicate correct 

and incorrect source attributions may be dissociable in the sleep EEG, but only in the reminder 

group. Further investigations, and an increase in sample size, should be conducted to clarify the 

dissociation between N2 and SWS spindles in the reconsolidation paradigm. These findings 

provide further evidence against the idea that updating is attributable to only source memory 

error occurring at test.  

 One limitation is that the current study was not able to investigate the differing roles of 

SWS and N2 spindles together to explain reconsolidation due to limitations in statistical power. 

For instance, SWS spindles could strengthen hippocampal-contextual link, and N2 spindles 

could promote hippocampal disengagement for integration of items into cortex; therefore, 

increased SWS spindles in the sleep after the first learning experience and increased N2 spindles 

after reactivation and new learning would underlie intrusions. However, given the pattern-

separating capabilities of the hippocampus via spatial-contextual details, the contribution may be 

a U-shaped function: Too little hippocampal engagement hinders the effect of the contextual 
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reminder, but a link too strong keeps the two memories from assimilating, which prevents 

updating from occurring. Perhaps this is why no effect was observed for SWS spindles after 

learning Set 1 and intrusions in the reminder condition, as the model predicting this relationship 

in the present experiment was linear. With a larger sample size, future research should 

investigate the potential curvilinear relationship between SWS spindles and the effectiveness of 

the contextual reminder in the reconsolidation paradigm.   

4.3 Future Directions 

As mentioned in the previous chapter, more research is necessary to disentangle the trait-

like differences in sleep spindles from the learning-related effects observed in the current study. 

One approach would be to examine a baseline night1 for individual differences in sleep 

architecture, and spindle activity in particular, and correlate this metric with visuospatial ability. 

Unpublished results in our lab indicate that people scoring low on a spatial awareness task are 

more likely to show the updating effect, however, the role of sleep in this relationship is 

currently unknown. Prior work on this topic suggests more baseline spindles would be related to 

higher visuospatial ability (Fogel et al., 2007), which could predict spindle-related increase in 

intrusion rate in the reminder group. Furthermore, adding a baseline night would address a 

limitation of the current study, allowing investigation of how change in spindle density for the 

sleep after both the first and second learning experiences relates to memory consolidation and 

reconsolidation.  

In the present study, N2 spindle activity was related to reconsolidation as a function of 

updating an old memory with information from a new experience; however, it is unclear whether 
                                                

1 While the current study did employ an acclimation night, doing so was intended only to habituate the participant to 
the sleep room and procedure. Due to the “first night effect,” in which differences are observed in sleep architecture 
from the acclimation night to the second night in the lab (Herbst et al., 2010), the acclimation night is not a suitable 
baseline measure of normal sleep. 
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N2 or SWS spindles would correlate with reconsolidation if no new information was learned 

after reactivation. Klinzing et al. (2016) showed sleep, but not an equal period of wake, protected 

the reactivated memory from an interfering task learned after sleep, and amount of time spent in 

SWS was related to correct memory for the reactivated information. Using the current approach, 

another manipulation would be to reactivate Set 1 with the contextual reminder, after which 

participants either learn Set 2 prior to sleep (reconsolidation with updating) or learn no new 

information prior to sleep (reconsolidation only). The predictions are that the reconsolidation-

with-updating group will replicate the current results showing that N2 spindles support Set 2 to 

Set 1 intrusions, whereas the reconsolidation-only group will show a positive association 

between SWS spindles and Set 1 recall. This would provide further evidence that processes 

driving sleep-dependent updating are dissociable from those underlying veridical 

reconsolidation, and implicate integration processes at play in the episodic reconsolidation 

paradigm. 

In conclusion, reconsolidation informs the very nature of memory as dynamic, providing 

insight into why such stabilization processes occur during sleep in the first place. Reactivation 

re-induces plasticity similar to initial encoding, rendering the trace labile until another 

consolidation process can occur (Nader et al., 2000). Presenting new information during this 

temporary destabilization period results in modification of the prior trace (Hupbach et al., 2007, 

2009, 2011, 2008), but an offline state isolated from external input would instead facilitate 

strengthening and restabilization (Nadel et al., 2012). Therefore, the oscillatory dialogue between 

the hippocampus and neocortex during sleep creates its own form of reactivation and 

reconsolidation processes (Sara, 2010). From this perspective, memory consolidation is never 

finished, but instead reflects a process of constant flux in which representations are repeatedly 
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consolidated and reconsolidated over time (Nader & Hardt, 2009). Future research should 

capitalize on the current paradigm to explore the differential effects on memory when 

reactivations occur during wake and sleep.  
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APPENDIX 

 In the following analyses, TST, percent N2, percent SWS, and percent REM were 

explored for potential relationships with memory in the reminder group and no-reminder groups.  

A. Total sleep time 

 The effect of total sleep time (TST) on correct and incorrect responses was analyzed in 

the reminder and no reminder groups using a series of multivariate linear regression models. 

A.1 Reminder group 

 Consistent with other analyses in this dissertation on the reminder group, the dependent 

variables were percent correct (Set 1 and Set 2) and incorrect (Set 1 to Set 2 retrieval errors and 

Set 2 to Set 1 intrusions) responses. The independent variables predicting correct and incorrect 

responses were entered as TSTn1, TSTn2-n1, and their interaction term. 

A.1.1 Correct responses 

 Set 1 correct responses were significantly related to TST in the reminder group, F(3,5) = 

5.864, R2 = 0.779, p = 0.043. A significant main effect of TSTn1 indicates that more TST after 

learning Set 1 predicts a higher incidence of Set 1 correct, t = 2.601, β = 1.016, p = 0.048. Set 2 

correct responses were not found to be significantly predicted by TST in the reminder group, p > 

0.1. 

A.1.2 Incorrect responses 

 The inverse relationship was found for Set 1 to Set 2 retrieval errors as predicted by TST, 

F(3,5) = 9.784, R2 = 0.854, p = 0.016. There was a significant main effect of TSTn1 indicating that 

less sleep after learning Set 1 was related to more Set 1 to Set 2 retrieval errors, t = -3.541, β = -

0.999, p = 0.017. In addition, a significant main effect of TSTn2-n1 suggests retrieval errors are also 

predicted by a decline in sleep after learning Set 2 relative to the sleep after learning Set 1, t = -
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2.863, β = -13.493, p = 0.035. Both effects are supplanted by a significant TSTn1 by TSTn2-n1 

interaction, which indicates that the effect of TST after learning Set 2 on the frequency of 

retrieval errors in the reminder group is dependent on low TST after learning Set 1, t = 2.923, β 

= 9.531, p = 0.033. No significant effects were found between TST after learning either set on 

Set 2 to Set 1 intrusion rate in the reminder group. 

A.2 No-reminder group 

 For the no-reminder group, TST was explored for its effect on the dependent variables 

correct and incorrect responses. The independent variables included TSTn1 and TSTn2-n1. The 

interaction term was omitted for statistical power. 

A.2.1 Correct responses 

 No relationships were found between either TST variable and correct responses in the no-

reminder group, ps > 0.1. 

A.2.2 Incorrect responses 

 TST did not predict incorrect responses for either set in the no-reminder group, ps > 0.1. 

B. Percent N2 

 Multivariate linear regressions were used to investigate the impact of percent of time 

spent in NREM stage 2 (N2) on correct and incorrect responses in the reminder and no-reminder 

groups. In the reminder group analyses, the dependent variables were correct and incorrect 

responses, predicted by the independent variables N2n1, N2n2-n1, and their interaction. There were no 

significant relationships found for the time spent in N2 after learning either set on either correct 

or incorrect responses in the reminder group, ps > 0.1. In the no-reminder group, the dependent 

variables for the analyses included correct and incorrect responses for each set. The independent 

variables were N2n1 and N2n2-n1 (with the interaction term omitted for statistical power). No 
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significant relationships were detected between N2 on either night and correct or incorrect 

responses in the no-reminder group, ps > 0.1. 

C. Percent SWS 

 Percentage of time spent in SWS after learning each set was regressed on correct and 

incorrect responses in the reminder and no-reminder groups again using a set of multivariate 

linear regressions. Consistent with the prior analyses, the reminder group included SWSn1, SWSn2-

n1, and the interaction term as independent variables. No significant effects were found for either 

correct or incorrect responses in the reminder group, ps > 0.1. Also consistent with previous 

analyses on the no-reminder data, SWSn1 and SWSn2-n1 were regressed on correct and incorrect 

responses; however, no significant effects were detected in either set, ps > 0.05. 

D. Percent REM 

 Finally, correct and incorrect responses were predicted by percent of time spent in REM 

after learning each set. A multivariate linear regression analysis on the reminder group treated 

REMn1, REMn2-n1, and the interaction term as independent variables predicting correct and incorrect 

responses, with no significant effects, ps > 0.5. Similarly, no significant effects were found in the 

no-reminder group when REMn1 and REMn2-n1 were used to predict correct and incorrect responses 

in both sets, ps > 0.5. 

E. Discussion 

 Of the supplemental sleep variables tested, only TST in the reminder group showed a 

significant relationship to the memory variables correct and incorrect responses. This finding 

echoes Experiment 1 wherein TST was related to Set 2 correct and retrieval errors; however, in 

this case TST after learning Set 1 predicted increased Set 1 correct responses rather than TST on 

both nights predicting Set 2 correct responses and intrusions. It is possible that this finding 
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reflects consolidation of Set 1, as more sleep (thus, more time to consolidate) results in better 

memory for the Set 1 items. However, this explanation also predicts that TST after Set 1 would 

be associated with higher Set 1 recall in the no-reminder group, but no sleep variables were 

associated with memory of either set in the no-reminder group. One reason for the discrepancy is 

that while the current study closely controlled bed- and wake-times to reduce variability across 

nights and conditions, the reminder condition had more variability in their sleep after learning 

Set 1 (Mn1 = 420.7, SD = 29.2) than both change in TST after learning Set 2 (Mn2-n1 = 12.7, SD = 

24.2) and the sleep after learning Set 1 in the no-reminder group (Mn1 = 443.4, SD = 23.3). In 

other words, this finding may be a partial replication of the effects noted in Experiment 1, but is 

likely artefactual due to the variability in TST after learning Set 1 in the reminder group. 

None of the sleep stages after learning either set were related to memory, regardless of 

whether participants were reminded of Set 1 prior to Set 2 or not. Pertaining to the reminder 

group, it is interesting that there were no significant effects given that each stage of sleep could 

be hypothesized to predict updating based on prior findings. For instance, van der Helm et al. 

(2011) noted that consolidation of word-context associations was predicted by time spent in N2, 

in addition to N2 sleep spindles, leading the authors to theorize that N2 specifically promoted 

consolidation of items and their associated context in their paradigm. That there was no effect of 

N2 on reconsolidation suggests two possible explanations. The first is that there is no binding of 

the items in each set to their associated spatial context. This explanation is unlikely given the 

importance of the spatial contextual component of the reminder to updating (Hupbach et al., 

2008), as well as the unidirectional effect of intrusions since no item-to-context binding would 

result in bidirectional source errors (Hupbach et al., 2009). Instead, it is likely that this 

discrepancy is due to fundamental differences between the current paradigm and the one used by 
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van der Helm et al. (2011). Namely, the present study used a rich, detailed spatial-contextual 

reminder whereas van der Helm et al. (2011) used a single item (a poster located on the wall 

above the computer) to elicit the learning context. As a result, what van der Helm (2011) refers 

to as “item-to-context binding” may simply be “item-to-item binding,” which will elicit different 

sleep-dependent memory processes as a result. (See Chapter 3 Discussion for more debate on 

this topic.) 

It could also be argued that the lack of relationship between SWS and memory variables 

in both groups is contrary to the rich literature implicating SWS in memory consolidation (e.g., 

Diekelmann & Born, 2010). With respect to the no-reminder group, it should be noted that the 

type of memory being tested is source memory, rather than memory for the items themselves. 

Whereas most of the research linking SWS to declarative memory consolidation concerns itself 

with the latter, there is a lack of empirical evidence suggesting sleep would promote source 

memory consolidation per se. Regarding the reminder group, given the role of SWS in memory 

consolidation, one could anticipate that it would be involved in reconsolidation as well. Indeed, 

Klinzing et al. (2016) demonstrated that time spent in SWS was related to reconsolidation of a 

reactivated memory such that it was protected from interference from a task administered after 

sleep. However, this study did not investigate memory reconsolidation of an old memory that has 

been updated with new information. More along these lines, Hennies et al. (2016) and 

Tamminen et al. (2011) found that spindle activity, but not time spent in any stage of sleep, 

predicted incorporation of new information into an existing knowledge base. The present study’s 

lack of correlation between SWS and updating aligns more closely with these studies, providing 

partial support for potential memory integration processes at play. 
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Regarding integration, another relevant stage of sleep that was not shown to predict 

reconsolidation in the reminder group is REM. One could predict that REM promotes intrusions 

in the reminder group, as studies have implicated REM in the priming of associative networks to 

receive new information and elicit creative insight (Cai, Mednick, Harrison, Kanady, & 

Mednick, 2009), and dreaming specifically with integration of semantic networks (Fosse, Fosse, 

Hobson, & Stickgold, 2003). Indeed, Poe (2017) notes that in addition to N2 spindles, the LC 

silence thought to underlie forgetting-driven integration also occurs during REM sleep. Hence, 

“REM sleep and [N2 spindles] are perhaps the only times when synaptic circuits within reach of 

the LC could be refreshed and reset from the day’s relentless accumulation of connectivity” 

(Poe, 2017). However, the present study did not find any relationships between intrusions and 

amount of time spent in REM. It is possible that the integration-promoting properties of this 

stage of sleep rely on different mechanisms than those recruited in reconsolidation. For instance, 

the hippocampus is largely silent during REM sleep, which has been theorized to allow 

widespread reorganization of semantic networks in cortex (Payne & Nadel, 2004). This process 

is likely to benefit integration of hippocampus-independent memory, not the spatial-contextual 

memory created, reactivated, and reconsolidated in the current paradigm. Instead, other 

mechanisms like spindles and SPW-Rs are more likely candidates of updating for their role in 

facilitating communication between hippocampus to neocortex.  

  



 91 

REFERENCES 

Ancoli-Israel, S., Cole, R., Alessi, C., Chambers, M., Moorcroft, W., & Pollak, C. P. (2003). The 

role of actigraphy in the study of sleep and circadian rhythms. Sleep, 26(3), 342–392. 

Retrieved from http://www.aasmnet.org/Resources/PracticeReviews/cpr_Actigraphy.pdf 

Barakat, M., Doyon, J., Debas, K., Vandewalle, G., Morin, A., Poirier, G., … Carrier, J. (2011). 

Fast and slow spindle involvement in the consolidation of a new motor sequence. 

Behavioural Brain Research, 217(1), 117–121. https://doi.org/10.1016/j.bbr.2010.10.019 

Berry, R. B., Brooks, R., Gamaldo, C. E., Harding, S. M., Lloyd, R. M., Marcus, C. L., & 

Vaughn, B. V. (2015). The AASM Manual for the Scoring of Sleep and Associated Events: 

Rules, Terminology and Technical Specifications, Version 2.2. Darien, IL: American 

Academy of Sleep Medicine. Retrieved from www.aasmnet.org 

Buzsáki, G. (2015). Hippocampal sharp wave-ripple: A cognitive biomarker for episodic 

memory and planning. Hippocampus, 25(10), 1073–1188. 

https://doi.org/10.1002/hipo.22488 

Cai, D. J., Mednick, S. A., Harrison, E. M., Kanady, J. C., & Mednick, S. C. (2009). REM, not 

incubation, improves creativity by priming associative networks. Proceedings of the 

National Academy of Sciences of the United States of America, 106(25), 10130–4. 

https://doi.org/10.1073/pnas.0900271106 

Cairney, S. A., Ashton, J. E., Roshchupkina, A. A., & Sobczak, J. M. (2015). A dual role for 

sleep spindles in sleep-dependent memory consolidation? Journal of Neuroscience, 35(36), 

12328–12330. https://doi.org/10.1523/JNEUROSCI.2463-15.2015 

Clemens, Z., Fabó, D., & Halász, P. (2005). Overnight verbal memory retention correlates with 

the number of sleep spindles. Neuroscience, 132(2), 529–535. 



 92 

https://doi.org/10.1016/j.neuroscience.2005.01.011 

Clemens, Z., Fabó, D., & Halász, P. (2006). Twenty-four hours retention of visuospatial memory 

correlates with the number of parietal sleep spindles. Neuroscience Letters, 403(1–2), 52–

56. https://doi.org/10.1016/j.neulet.2006.04.035 

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. 

https://doi.org/10.1101/lm.026252.112 

Crowley, K., Trinder, J., Young, K., Carrington, M., & Colrain, I. (2002). The effects of normal 

aging on sleep spindle and K-complex production. Clinical Neurophysiology, 113(10), 

1615–1622. https://doi.org/10.1016/S1388-2457(02)00237-7 

De Gennaro, L., Ferrara, M., Vecchio, F., Curcio, G., & Bertini, M. (2005). An 

electroencephalographic fingerprint of human sleep. 

https://doi.org/10.1016/j.neuroimage.2005.01.020 

Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in the 

hippocampus. Neuron, 36(3), 527–538. https://doi.org/10.1016/S0896-6273(02)01001-2 

Diekelmann, S., & Born, J. (2010). The memory function of sleep. Nature Reviews. 

Neuroscience, 11(2), 114–26. https://doi.org/10.1038/nrn2762 

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. 

https://doi.org/10.1016/j.cub.2006.05.024 

Elwood, R. W. (1997). Episodic and semantic memory components of verbal paired- associate 

learning. Assessment, 4(1), 73–77. Retrieved from 



 93 

http://journals.sagepub.com.ezproxy3.library.arizona.edu/doi/pdf/10.1177/10731911970040

0110 

Field, A., Miles, J., & Field, Z. (2013). Discovering Statistics Using R by Andy Field, Jeremy 

Miles, Zoë Field. International Statistical Review, 81(1), 169–170. 

https://doi.org/10.1111/insr.12011_21 

Fogel, S., Nader, R., Cote, K., & Smith, C. (2007). Sleep spindles and learning potential. 

Behavioral Neuroscience, 121(1), 1–10. https://doi.org/10.1037/0735-7044.121.1.1 

Fogel, S., & Smith, C. (2011). The function of the sleep spindle: A physiological index of 

intelligence and a mechanism for sleep-dependent memory consolidation. Neuroscience and 

Biobehavioral Reviews, 35(5), 1154–1165. https://doi.org/10.1016/j.neubiorev.2010.12.003 

Fosse, M. J., Fosse, R., Hobson, J. A., & Stickgold, R. J. (2003). Dreaming and Episodic 

Memory: A Functional Dissociation? Journal of Cognitive Neuroscience, 15(1), 1–9. 

https://doi.org/10.1162/089892903321107774 

Gaillard, J. M., & Blois, R. (1981). Spindle density in sleep of normal subjects. Sleep, 4(July 

1980), 385–391. Retrieved from https://oup.silverchair-

cdn.com/oup/backfile/Content_public/Journal/sleep/4/4/10.1093_sleep_4.4.385/2/040405.p

df?Expires=1501898830&Signature=JNVSqJeSjzFTGWUqf8SngR1X2Lk~MeYcvZQsauP

hdmTv-eBlj-q7-

PFhrwJ3ulUd4hC0GqQ3u0xPSc2Klfy3SLjnber11NJHWX20gYG~W7JmKuMBR 

Gais, S., Lucas, B., & Born, J. (2006). Sleep after learning aids memory recall. Learning & 

Memory, 13(3), 259–62. https://doi.org/10.1101/lm.132106 

Girardeau, G., Benchenane, K., Wiener, S. I., Buzsáki, G., & Zugaro, M. B. (2009). Selective 

suppression of hippocampal ripples impairs spatial memory. Nature Neuroscience, 12(10), 



 94 

1222–1223. https://doi.org/10.1038/nn.2384 

Göder, R., Graf, A., Ballhausen, F., Weinhold, S., Baier, P. C., Junghanns, K., & Prehn-

Kristensen, A. (2015). Impairment of sleep-related memory consolidation in schizophrenia: 

relevance of sleep spindles? Sleep Medicine, 16(5), 564–569. 

https://doi.org/10.1016/j.sleep.2014.12.022 

Hardt, O., Nader, K., & Nadel, L. (2013). Decay happens: The role of active forgetting in 

memory. Trends in Cognitive Sciences, 17(3), 111–120. 

https://doi.org/10.1016/j.tics.2013.01.001 

Hennies, N., Ralph, M. A. L., Kempkes, M., Cousins, J. N., & Lewis, P. A. (2016). Sleep spindle 

density predicts the effect of prior knowledge on memory consolidation. The Journal of 

Neuroscience, 36(13), 3799–3810. https://doi.org/10.1523/JNEUROSCI.3162-15.2016 

Herbst, E., Metzler, T. J., Lenoci, M., McCaslin, S. E., Inslicht, S., Marmar, C. R., & Neylan, T. 

C. (2010). Adaptation effects to sleep studies in participants with and without chronic 

posttraumatic stress disorder. Psychophysiology, 47(6), 1127–1133. 

https://doi.org/10.1111/j.1469-8986.2010.01030.x 

Hupbach, A., Gomez, R., Hardt, O., & Nadel, L. (2007). Reconsolidation of episodic memories: 

A subtle reminder triggers integration of new information. Learning & Memory, 14(1–2), 

47–53. https://doi.org/10.1101/lm.365707 

Hupbach, A., Gomez, R., & Nadel, L. (2009). Episodic memory reconsolidation: Updating or 

source confusion? Memory (Hove, England), 17(5), 502–510. 

https://doi.org/10.1080/09658210902882399 

Hupbach, A., Gomez, R., & Nadel, L. (2011). Episodic memory updating: The role of context 

familiarity. Psychonomic Bulletin & Review, 18(4), 787–797. 



 95 

https://doi.org/10.3758/s13423-011-0117-6 

Hupbach, A., Hardt, O., Gomez, R., & Nadel, L. (2008). The dynamics of memory: Context-

dependent updating. Learning & Memory (Cold Spring Harbor, N.Y.), 15(8), 574–9. 

https://doi.org/10.1101/lm.1022308 

Inostroza, M., & Born, J. (2013). Sleep for preserving and transforming episodic memory. 

Annual Review of Neuroscience, 36, 79–102. https://doi.org/10.1146/annurev-neuro-

062012-170429 

Kaestner, E. J., Wixted, J. T., & Mednick, S. C. (2013). Pharmacologically Increasing Sleep 

Spindles Enhances Recognition for Negative and High-arousal Memories. Journal of 

Cognitive Neuroscience, 25(10), 1597–1610. https://doi.org/10.1162/jocn_a_00433 

King, C., Henze, D. A., Leinekugel, X., & Buzsáki, G. (1999). Hebbian modification of a 

hippocampal population pattern in the rat. The Journal of Physiology, 521(1), 159–167. 

https://doi.org/10.1111/j.1469-7793.1999.00159.x 

Klinzing, J. G., Rasch, B., Born, J., & Diekelmann, S. (2016). Sleep’s role in the reconsolidation 

of declarative memories. Neurobiology of Learning and Memory, 136, 166–173. 

https://doi.org/10.1016/j.nlm.2016.10.004 

Krone, L., Frase, L., Piosczyk, H., Selhausen, P., Zittel, S., Jahn, F., … Nissen, C. (2015). Top-

down control of arousal and sleep: Fundamentals and clinical implications. Sleep Medicine 

Reviews. https://doi.org/10.1016/j.smrv.2015.12.005 

Kudrimoti, H. S., Barnes, C. A., & McNaughton, B. L. (1999). Reactivation of hippocampal cell 

assemblies: effects of behavioral state, experience, and EEG dynamics. The Journal of 

Neuroscience : The Official Journal of the Society for Neuroscience, 19(10), 4090–4101. 

Loftus, E. F. (2005). Planting misinformation in the human mind: A 30-year investigation of the 



 96 

malleability of memory. Learning & Memory, 12(4), 361–366. 

https://doi.org/10.1101/lm.94705 

Marshall, L., Helgadóttir, H., Mölle, M., & Born, J. (2006). Boosting slow oscillations during 

sleep potentiates memory. Nature, 444(7119), 610–613. 

https://doi.org/10.1038/nature05278 

Marshall, L., Molle, M., Hallschmid, M., & Born, J. (2004). Transcranial Direct Current 

Stimulation during Sleep Improves Declarative Memory. The Journal of Neuroscience : The 

Official Journal of the Society for Neuroscience, 24(44), 9985–9992. 

https://doi.org/10.1523/JNEUROSCI.2725-04.2004 

McClelland, J. L., McNaughton, B. L., & O’Reilly, R. C. (1995). Why there are complementary 

learning systems in the hippocampus and neocortex: Insights from the successes and 

failures of connectionist models of learning and memory. Psychological Review, 102(3), 

419–457. https://doi.org/10.1037/0033-295X.102.3.419 

Mednick, S. C., McDevitt, E. A., Walsh, J. K., Wamsley, E., Paulus, M., Kanady, J. C., & 

Drummond, S. P. A. (2013). The Critical Role of Sleep Spindles in Hippocampal-

Dependent Memory: A Pharmacology Study. Journal of Neuroscience, 33(10), 4494–4504. 

https://doi.org/10.1523/JNEUROSCI.3127-12.2013 

Mensen, A., Riedner, B., & Tononi, G. (2015). Sleep Wave Analysis Toolbox for Matlab. 

https://doi.org/10.5281/zenodo.14985 

Mensen, A., Riedner, B., & Tononi, G. (2016). Optimizing detection and analysis of slow waves 

in sleep EEG. Journal of Neuroscience Methods, 274, 1–12. 

https://doi.org/10.1016/j.jneumeth.2016.09.006 

Mölle, M., Bergmann, T. O., Marshall, L., Born, J., Molle, M., Bergmann, T. O., … Born, J. 



 97 

(2011). Fast and Slow Spindles during the Sleep Slow Oscillation: Disparate Coalescence 

and Engagement in Memory Processing. Sleep, 34(10), 1411–1421. 

https://doi.org/10.5665/SLEEP.1290 

Mölle, M., & Born, J. (2011). Slow oscillations orchestrating fast oscillations and memory 

consolidation. Progress in Brain Research, 193, 93–110. https://doi.org/10.1016/B978-0-

444-53839-0.00007-7 

Mölle, M., Yeshenko, O., Marshall, L., Sara, S. J., & Born, J. (2006). Hippocampal sharp wave-

ripples linked to slow oscillations in rat slow-wave sleep. Journal of Neurophysiology, 

96(1), 62–70. https://doi.org/10.1152/jn.00014.2006 

Munch, M., Knoblauch, V., Blatter, K., Schroder, C., Schnitzler, C., Krauchi, K., … Cajochen, 

C. (2004). The frontal predominance in human EEG delta activity after sleep loss decreases 

with age. European Journal of Neuroscience, 20(5), 1402–1410. 

https://doi.org/10.1111/j.1460-9568.2004.03580.x 

Nadel, L., & Hardt, O. (2011). Update on memory systems and processes. 

Neuropsychopharmacology : Official Publication of the American College of 

Neuropsychopharmacology, 36(1), 251–273. https://doi.org/10.1038/npp.2010.169 

Nadel, L., Hupbach, A., Gomez, R. L., & Newman-Smith, K. (2012). Memory formation, 

consolidation and transformation. Neuroscience and Biobehavioral Reviews, 36(7), 1640–

1645. https://doi.org/10.1016/j.neubiorev.2012.03.001 

Nadel, L., & Moscovitch, M. (1997). Memory consolidation, retrograde amnesia and the 

hippocampal complex. Current Opinion in Neurobiology. https://doi.org/10.1016/S0959-

4388(97)80010-4 

Nadel, L., Samsonovich, S., Ryan, L., & Moscovitch, M. (2000). Multiple trace theory of human 



 98 

memory: Computational, neuroimaging, and neuropsychological results. Hippocampus, 

10(4), 352–368. https://doi.org/10.1002/1098-1063(2000)10:4<352::AID-

HIPO2>3.0.CO;2-D 

Nadel, L., Winocur, G., Ryan, L., & Moscovitch, M. (2007). Systems consolidation and 

hippocampus: Two views. Debates in Neuroscience, 1(2–4), 55–66. 

https://doi.org/10.1007/s11559-007-9003-9 

Nader, K., & Hardt, O. (2009). A single standard for memory: The case for reconsolidation. 

Debates in Neuroscience, 10, 224–234. https://doi.org/10.1007/s11559-007-9005-7 

Nader, K., Schafe, G. E., & Le Doux, J. E. (2000). Fear memories require protein synthesis in the 

amygdala for reconsolidation after retrieval. Nature, 406(6797), 722–726. 

https://doi.org/10.1038/35021052 

Ngo, H. V. V, Martinetz, T., Born, J., & Mölle, M. (2013). Auditory closed-loop stimulation of 

the sleep slow oscillation enhances memory. Neuron, 78(3), 545–553. 

https://doi.org/10.1016/j.neuron.2013.03.006 

Nishida, M., Walker, M. P., Ukai, S., Shinosaki, K., & Murphy, M. (2007). Daytime Naps, 

Motor Memory Consolidation and Regionally Specific Sleep Spindles. PLoS ONE, 2(4), 

e341. https://doi.org/10.1371/journal.pone.0000341 

O’Keefe, J., & Nadel, L. (1978). The Hippocampus as a Cognitive Map. The Journal of Nervous 

and Mental Disease (Vol. 168). Oxford: Oxford University Press. 

https://doi.org/10.1097/00005053-198003000-00018 

Payne, J. D., & Nadel, L. (2004). Sleep, dreams, and memory consolidation: The role of the 

stress hormone cortisol. Learning & Memory, 11, 671–678. 

https://doi.org/10.1101/lm.77104 



 99 

Plihal, W., & Born, J. (1997). Effects of early and late nocturnal sleep on declarative and 

procedural memory. Journal of Cognitive Neuroscience, 9(4), 534–47. 

https://doi.org/10.1162/jocn.1997.9.4.534 

Poe, G. R. (2017). Sleep Is for Forgetting. The Journal of Neuroscience, 37(3), 464–473. 

https://doi.org/10.1523/JNEUROSCI.0820-16.2017 

Quintilian, & Moreschini, C. (1969). Institutio oratoria. Latini Auctores, (6), 129 p. 

Rasch, B., Büchel, C., Gais, S., & Born, J. (2007). Odor cues during slow-wave sleep prompt 

declarative memory consolidation. Science (New York, N.Y.), 315(5817), 1426–1429. 

https://doi.org/10.1126/science.1138581 

Rosanova, M., & Ulrich, D. (2005). Pattern-specific associative long-term potentiation induced 

by a sleep spindle-related spike train. The Journal of Neuroscience : The Official Journal of 

the Society for Neuroscience, 25(41), 9398–405. 

https://doi.org/10.1523/JNEUROSCI.2149-05.2005 

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. https://doi.org/10.1016/j.neuropsychologia.2012.06.008 

Ryan, L., Nadel, L., Keil, K., Putnam, K., Schnyer, D., Trouard, T., & Moscovitch, M. (2001). 

Hippocampal complex and retrieval of recent and very remote autobiographical memories: 

Evidence from functional magnetic resonance imaging in neurologically intact people. 

Hippocampus, 11(6), 707–714. https://doi.org/10.1002/hipo.1086 

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. https://doi.org/10.1093/sleep/27.7.1479 



 100 

Schabus, M., Hoedlmoser, K., Pecherstorfer, T., Anderer, P., Gruber, G., Parapatics, S., … 

Zeitlhofer, J. (2008). Interindividual sleep spindle differences and their relation to learning-

related enhancements. Brain Research, 1191, 127–135. 

https://doi.org/10.1016/j.brainres.2007.10.106 

Sederberg, P. B. P., Gershman, S. S. J., Polyn, S. M., & Norman, K. a. (2011). Human memory 

reconsolidation can be explained using the temporal context model. Psychonomic Bulletin 

& Review, 18(3), 455–468. https://doi.org/10.3758/s13423-011-0086-9.Human 

Sejnowski, T. J., Destexhe, A., & Ghosh, P. (2000). Why Do We Sleep. Brain Research 

Interactive, 886, 208–223. https://doi.org/10.1016/S0006-8993(00)03007-9 

Siapas, A. G., & Wilson, M. A. (1998). Coordinated interactions between hippocampal ripples 

and cortical spindles during slow-wave sleep. Neuron, 21(5), 1123–1128. 

https://doi.org/10.1016/S0896-6273(00)80629-7 

Sirota, A., Csicsvari, J., Buhl, D., & Buzsáki, G. (2003). Communication between neocortex and 

hippocampus during sleep in rodents. Proceedings of the National Academy of Sciences of 

the United States of America, 100(4), 2065–2069. https://doi.org/10.1073/pnas.0437938100 

Squire, L. R., & Zola-Morgan, S. (1991). The Medial Temporal Lobe Memory System. Science, 

253, 1380–1386. 

Stickgold, R., & Walker, M. P. (2007). Sleep-dependent memory consolidation and 

reconsolidation. Sleep Medicine, 8(4), 331–343. https://doi.org/10.1016/j.sleep.2007.03.011 

Talamini, L. M., Nieuwenhuis, I. L. C., Takashima, A., & Jensen, O. (2008). Sleep directly 

following learning benefits consolidation of spatial associative memory. Learning & 

Memory, 15(4), 233–237. https://doi.org/10.1101/lm.771608 

Tamminen, J., Payne, J. D., Stickgold, R., Wamsley, E. J., & Gaskell, M. G. (2010). Sleep 



 101 

spindle activity is associated with the integration of new memories and existing knowledge. 

The Journal of Neuroscience, 30(43), 14356–60. 

https://doi.org/10.1523/JNEUROSCI.3028-10.2010 

Tamminen, J., Ralph, M. A. L., & Lewis, P. A. (2013). The role of sleep spindles and slow-wave 

activity in integrating new information in semantic memory. The Journal of Neuroscience, 

33(39), 15376–15381. https://doi.org/10.1523/jneurosci.5093-12.2013 

Tononi, G., & Cirelli, C. (2006). Sleep function and synaptic homeostasis. Sleep Medicine 

Reviews, 10(1), 49–62. https://doi.org/10.1016/j.smrv.2005.05.002 

Tulving, E. (1972). Episodic and semantic memory 1. In Organization of Memory (p. 381–403.). 

van der Helm, E., Gujar, N., Nishida, M., & Walker, M. P. (2011). Sleep-Dependent Facilitation 

of Episodic Memory Details. PLoS ONE, 6(11), e27421. 

https://doi.org/10.1371/journal.pone.0027421 

Walker, M. P., Brakefield, T., & Hobson, J. A. (2003). Dissociable stages of human memory 

consolidation and reconsolidation. Nature, 425(October), 616–620. 

https://doi.org/10.1038/nature01951.1. 

Wamsley, E. J., Shinn, A. K., Tucker, M. A., Ono, K. E., McKinley, S. K., Ely, A. V., … 

Manoach, D. S. (2013). The effects of Eszopiclone on sleep spindles and memory 

consolidation in schizophrenia: A randomized placebo-controlled trial. Sleep, 36(9), 1369–

76. https://doi.org/10.5665/sleep.2968 

Wilson, M. a, & McNaughton, B. L. (1994). Reactivation of hippocampal ensemble memories 

during sleep. Science, 265, 676–679. https://doi.org/10.1126/science.8036517 

Zola-Morgan, S., & Squire, L. R. (1993). NEUROANATOMY OF MEMORY. Annu. Rev. 

Neurosci, 16. Retrieved from 



 102 

http://www.annualreviews.org.ezproxy1.library.arizona.edu/doi/pdf/10.1146/annurev.ne.16.

030193.002555 

  



 103 

 

 


