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ABSTRACT 

 

The persistence of memory over time is dependent on a variety of events between 

learning and remembering, one of which is sleep. Additionally, the strength of initial learning 

influences how well things will be remembered later on, and the way the sleeping brain 

processes information has been found to rely on some of these encoding factors. Given the 

extensive literature on the influence of dopamine on learning, we wanted to examine how two 

memory benefits thought to rely on dopamine – the novelty effect and the curiosity effect – may 

be impacted by periods of sleep or wakefulness. Three experiments were conducted: one in 

which novel scenes were viewed and associated information was recalled after wakefulness or 

sleep, one where subjects learned in the lab or at home, and one in which participants rated their 

curiosity for learning materials and were tested later after sleep or wakefulness (and in which eye 

blink rate (EBR) and PSG measures were observed). Our findings failed to replicate the novelty 

effect in the first two experiments, making our prediction regarding sleep difficult to assess. 

Though we replicated the curiosity effect in the third study, our predictions about sleep and slow 

wave sleep were not supported. However, N2 and REM were unexpectedly observed to play a 

role in this effect, a finding that deserves more assessment. Finally, EBR, an indirect measure of 

dopamine, was negatively associated with the curiosity effect due to a positive relationship with 

the retention of low curiosity stimuli. Future research should investigate this sensitive novelty 

effect in humans further and continue to examine EBR as a predictor of learning.  
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1. Introduction 

Centuries of research have given us a detailed understanding of many aspects of human 

physiology – from the complexities of the cardiovascular system, to the intricate machinery of 

the inner ear, to the menagerie of cells that comprise the immune system – yet the purpose of 

sleep remains a mystery. Though humans spend approximately one third of their lives in an 

unconscious, vulnerable state, our understanding of its function is limited to a patchwork of 

benefits discovered by disparate fields: immunologists focus on the positive relationship between 

sleep and protection against antigens (Bryant, Trinder, & Curtis, 2004), neuroscientists have 

found that sleep helps clean the brain of waste material (Xie et al., 2013), and animal researchers 

have suggested sleep provides a conservation of energy commensurate with factors such as 

organism size and diet (Siegel, 2009; Siegel, 2005). 

The development of sleep is likely due to a confluence of these factors and more, but few 

accounts offer a satisfying explanation for the necessity of the loss of consciousness during 

sleep. However, work in the fields of cognitive science and neuroscience over the past century 

has uncovered a fascinating interaction between sleep and memory performance that many have 

begun to consider as one of the primary functions of sleep: the offline prioritization, 

organization, and strengthening of the massive amount of information perceived and encoded 

during wakefulness. The following work gives a brief account of what we know about how 

memories are processed after learning, provides an overview of what we know about sleep’s role 

in this memory processing, discusses a couple of factors during learning – specifically, the 

presence of novelty and curiosity – by which the brain prioritizes information for long-term 

retention in memory, and outlines three experiments conducted to examine sleep’s role in the 

selective strengthening of novelty- and curiosity-related memories. 
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1.1 Memory Consolidation  

1.1.1 History of Consolidation 

Memory is often divided into three distinct sequential processes: encoding, consolidation, 

and retrieval. The first and last refer to concepts that should be familiar to most people, as they 

are analogous to the universal human experiences of learning and remembering. However, 

consolidation is a relatively new concept about memory concerned with the initial vulnerable 

state of memories and their gradual stabilization and processing by the brain over time. 

 The idea that memory undergoes changes after learning is self-evident, as all people 

have experienced the phenomenon of forgetting once-known information. Indeed, some of the 

very first cognitive experimental tests of memory, constructed by German psychologist Hermann 

Ebbinghaus (1885), focused on the rate at which memories deteriorated over time. In what was 

perhaps his most famous study, Ebbinghaus taught himself a series of nonsense syllables and 

recorded his performance after time delays of varying lengths, ranging from 30 minutes to 30 

days. His findings indicated that memories became stabilized over time, with memories 

deteriorating less and less as time went on; this would come to be known as the forgetting curve. 

However, it wasn’t until Müller and Pilzecker performed their experiments on retroactive 

memory interference in 1900 that the term “consolidation” was used to refer to the new idea of 

memories undergoing a period of vulnerability for a while after learning (Lechner, Squire, & 

Byrne, 1999). In what was their most seminal work, Müller and Pilzecker trained subjects on a 

list of nonsense syllables similar to those utilized by Ebbinghaus. Immediately after learning this 

list, the subjects learned another distractor list, and then six minutes later were tested on their 

memory for the initial list. To obtain a baseline for comparison, these same subjects learned a 
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third list and were tested the same amount of time later, but without an intervening distractor list. 

Müller and Pilzecker found that when a distractor list was present between learning and test, 

memory scores were reduced by over half. This led to their conclusion that memories are 

consciously processed for some time after learning, resulting in the “consolidation” and 

strengthening of associations between their constituent components: “Mental exertion in an 

experimental subject after reading a list of syllables has firstly the direct effect of weakening the 

perseverative tendencies of these syllables and secondly, because the effect of these 

perseverative tendencies is to consolidate syllable associations, the additional effect of impairing 

these associations” (Müller & Pilzecker, 1900, p. 196-197, according to translation by Lechner et 

al., 1999).  

Though this perseveration account would later be challenged by the idea of new 

memories “interfering” with older ones by competing for storage resources, these researchers 

started the study of factors influencing memories between learning and remembering. Donald 

Hebb, most famous for his model of associative learning via the simultaneous firing of neurons, 

suggested that lingering, transient reverberatory activity of neurons caused by a creating a 

memory is what allows it to become associated with other memories immediately after learning 

(Hebb, 1949). A couple of decades later, Atkinson and Shiffrin (1968) proposed a multi-step 

model of memory consolidation by which a memory is transferred from one “store” to the next. 

Their model consisted of an evanescent store of sensory memory, a slightly more robust short-

term memory store, and a more permanent long-term memory store. Consolidation under this 

model involved the successful transfer of information from a brief sensory memory to long-term 

storage.  
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The concurrently emerging neuroanatomical approach to memory consolidation was in 

large part inspired by the neuropsychological observations of one of psychology’s most famous 

case studies, patient H.M, by Scoville and Milner (1957). Due to his epilepsy, H.M. underwent 

surgery that targeted his medial temporal lobes (MTL), unexpectedly leaving him with a variety 

of cognitive deficits involving his memory. Perhaps most notably, H.M. was unable to form new 

memories, despite apparently retaining autobiographical and semantic memories from before the 

surgery. This and subsequent studies eventually led to a popular neuroanatomical model of 

memory consolidation in which memories are initially encoded in the hippocampus and are 

gradually transferred to the neocortex for permanent storage (Squire & Zola-Morgan, 1991). This 

model aligned well with Atkinson and Shiffrin’s theoretical analogues of short-term and long-

term stores, and nicely explained how H.M. could have trouble learning and yet still recall 

remote memories. 

 

1.1.2 Current Theories of Consolidation 

As more research was conducted on the neuroanatomical basis of memory consolidation, 

Nadel & Moscovitch proposed multiple trace theory (1997), which directly challenged the notion 

of eventual increased independence of all memories from the hippocampus through transfer into 

cortical stores. In this more recent theory, all learned semantic components of a memory event 

(i.e. factual information about the world) are activated in a neuronal ensemble spanning the 

hippocampus and cortex, with the contextual part of the episode reliant on the hippocampus. 

When this memory “trace” is reactivated, it recruits a very similar – but not identical – ensemble 

of neurons in the cortex, laying down a new trace. In this way, semantic information is 

consolidated not by a transfer of information, but rather via a bolstering of it from the laying 
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down of multiple similar neocortical traces. In contrast, specific contextual and episodic 

components of memory traces are sparsely distributed in the hippocampus, making them less 

vulnerable to damage when multiple traces are created through reactivation. Imaging evidence 

supports this theory by showing recruitment of the MTL even in recall of remote episodic events, 

which would not be seen if episodic memory was gradually “transferred” from the hippocampus 

to cortex. Such remote recall also suffers a loss of detail in MTL-damaged amnesics without an 

apparent temporal gradient before trauma, as one would expect to see if these memories were 

slowly transferred to the cortex (Nadel, Samsonovich, Ryan, & Moscovitch, 2000).    

 With the advance of neuroscientific research methods, study of memory consolidation 

has become possible at a cellular level as well. Perhaps the most relevant cellular process 

underlying consolidation is that of synaptic plasticity (Bliss & Lomo, 1973), by which synapses 

connecting neurons are strengthened or weakened. This work built on and confirmed Hebb’s 

earlier ideas about coactivations of neurons leading to their subsequent wiring (1949). One 

component of synaptic plasticity is long-term potentiation (LTP). When a synapse is activated 

strongly or at a high frequency, it leads to the increase in the reactivity of the postsynaptic 

neuron to this synapse, increasing the synapse’s efficacy. This effect can be short lasting and 

driven by the insertion of AMPA receptors in the postsynaptic membrane, in which case it is 

called early-LTP (E-LTP), or it can be more permanently modified via structural changes in the 

dendrites in late-LTP (L-LTP). The factors causing the transition from transient E-LTP to longer 

lasting L-LTP involve the confluence of several factors including sustained protein synthesis and 

gene expression, and they carry with them potential implications for how some memories are 

consolidated from a temporary state to a more permanent, long-term one. 
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 It is evident that memory undergoes several steps of processing and selective 

strengthening over time, as the cognitive, neuropsychological, and neuroscientific literature 

shows. Though much is still being discovered about these processes, it appears that sleep is one 

factor that plays a large role in memory consolidation, to the extent that it is suspected that 

consolidation is one of the primary roles of sleep. 

 

1.2 Sleep and Memory Consolidation 

1.2.1 History of Sleep and Memory Consolidation 

Some early evidence that sleep plays a beneficial role in the storage of memories 

surprisingly comes from a disregarded piece of data from the previously discussed Ebbinghaus 

study (1885). In this experiment – in which Ebbinghaus tested how quickly he could relearn a list 

of words after delays of varying lengths – a particular pattern appeared. Despite each successive 

delay increasing in length, the increase in the amount of time necessary for learning became 

smaller over time. 20 minutes after learning, relearning was 58% faster than initial learning. 40 

minutes later, relearning was only 44% faster than initial training (a change of 14%), and another 

seven hours later, it was only 36% faster than at first learning (a change of 8%). However, the 

next test 15 hours later – 24 hours after learning, and after the first delay containing sleep – it 

was still 34% faster than initial learning (a slowing of only 2% of the initial time), whereas the 

next 24-hour delay (containing a greater proportion of wakefulness) showed a slowing of another 

6%, as relearning was only 28% faster than initial encoding. The two remaining delays of four 

days and 25 days continued the pattern of decreased slowing rates per day seen earlier, with 

respective slowing of only 2.4% and 4.3%. Put briefly, the only exception to the pattern 
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Ebbinghaus found occurred during the first delay containing sleep, which was also the delay that 

contained the highest proportion of sleep. 

Though Ebbinghaus acknowledged sleep as a potential factor, he dismissed this 

aberration as an error in data collection: “Such a condition is not credible, since in the case of all 

the other numbers the decrease in the after-effect is greatly retarded by an increase in time. It 

does not become credible even under the plausible assumption that night and sleep, which form a 

greater part of the 15 hours but a smaller part of the 24, retard considerably the decrease in the 

after-effect. Therefore it must be assumed that one of these three values is greatly affected by 

accidental influences.” (1885, p. 77). 

 

Table 1: Relearning times of nonsense syllable after delays of varying lengths (table from 

Ebbinghaus, 1885). Of particular relevance is the relatively small increase in learning time at test 

No. 4, which followed the first delay with sleep and the delay containing the highest proportion 

of sleep.  
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The first researchers to specifically examine the effects of sleep on memory were Jenkins 

and Dallenbach (1924). Dissatisfied with Ebbinghaus’s dismissal of sleep as a potential 

explanation for his results, they set out to recreate the effect of sleep on forgetting by 

experimentally manipulating its presence. Subjects were taught a series of nonsense syllables 

either in the morning or in the evening, and they were then tested on their memory after one, 

two, four, or eight hours of sleep or wakefulness. The results confirmed a protective role of sleep 

on memory: recollection rates decreased more rapidly during the first two hours of wakefulness 

than during the first two hours of sleep, and whereas memory continued to decrease over eight 

hours during wakefulness, recollection rates leveled off and remained stable in the sleep group 

after the second test. The researchers concluded that during the unconscious state of sleep, 

memories were protected from interference that would otherwise be caused by the continuous 

creation of new memories during wakefulness. Though this idea that a lack of interference per se 

drives sleep’s benefit on memory has since been upended by research showing that many more 

factors including the timing of learning in relationship to sleep, the type of sleep, and the type of 

memory play a role in this process (Rasch & Born, 2013), it remained the prevailing theory for 

years and spurred the growth of research of sleep’s effect on memory. 

 The first detailed categorization of physiologically distinct types of sleep (Dement & 

Kleitman, 1957a, 1957b) and their subsequent standardized classifications (Rechtschaffen & 

Kales, 1968) gave rise to an examination of sleep’s effect on memory beyond a simple account 

of interference vs non-interference. Five different stages of sleep were determined at the time 

based primarily on electroencephalography (EEG) signals from the scalp. Though the criteria for 

these stages have been refined and the officially recognized classifications have been tweaked 

over the years, the general distinctions remain the same. Upon falling asleep, people enter Stage 
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1 (N1) sleep, which is characterized by low amplitude EEG activity, a gradual loss of the alpha 

waves seen during quiet rest, a relatively low responsiveness threshold, slow rolling eye 

movements, and a lack of sleep spindles, which are short bursts of relatively high amplitude 

activity in the sigma (10-16 Hz) range. In Stage 2 (N2) sleep, EEG frequencies in the theta range 

(4-8 Hz) increase, and sleep spindles and K-complexes (brief, high amplitude deflections) 

appear, and this stage makes up a majority of sleep throughout the night. Stage 3 and Stage 4 

sleep (which are now simply combined under the label N3) are the deepest stages of sleep with 

the highest responsiveness threshold, and they owe their alternate name of “slow wave sleep” 

(SWS) to the prevalence of high amplitude (> 100 µV), low frequency delta waves of only 1-4 

Hz. These eponymous “slow wave oscillations” contain so-called up-states and down-states 

during which large populations of neurons are hyperpolarizing or depolarizing in conjunction 

with one another, respectively. Finally, following SWS, the brain enters a dramatically different 

stage called rapid eye movement (REM) sleep, during which EEG activity is incredibly similar 

to wakefulness, muscle tone is decreased, and, of course, rapid eye movements occur. REM 

sleep has a relatively low responsiveness threshold and, upon waking, a very high rate of dream 

recall. This cycle of stages typically takes about 90 minutes total and repeats throughout the 

night, though the earliest part of the night tends to have a higher density of SWS and the latter 

part a greater amount of REM. 

 Due to REM’s striking similarity to wakefulness – both in EEG readout and reports of 

conscious thought (i.e. dreaming) – it immediately became the central focus of research on sleep 

and memory processing (Antony & Paller, 2017; Bjorn Rasch & Born, 2013). Several studies 

sought to examine the association between REM sleep and memory by examining the effects on 

memory of interrupting participants’ REM (Fishbein, 1971), of increases in REM after intense 
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learning (Meienberg, 1977), and of auditory cuing of learned materials during REM (Guerrin, 

Dujardin, Mandai, Sockeel, & Leconte, 1989). Surprisingly, most memory tasks involving 

simple declarative information (memory for facts and events, such as the syllable lists used in the 

studies by Ebbinghaus, Jenkins, and Dallenbach) did not appear to have any relationship with 

REM. However, continued research demonstrated a consistent effect of REM on more complex 

materials – such as learning associations or stories – as well as on several types of procedural 

memory (also known as motor memory or “muscle memory”) (Smith, 2001).  

Unexpectedly, SWS seemed to play a larger role in declarative memory consolidation. 

This finding led to what was known as the dual process hypothesis, in which REM aided in the 

consolidation of nondeclarative memories (less consciously concrete memories such as 

procedural memory, associative memory, emotional associations, and priming), whereas SWS 

was implicated in declarative memory (semantic memory and episodic memory) (Rasch & Born, 

2013). This hypothesis popularized the night-half paradigm, an experimental manipulation in 

which researchers controlled for types of sleep by having participants learn before sleep and test 

them after the first half of the night (dominated by SWS), or training them after the first half and 

testing after the latter (consisting of more REM) (Yaroush, Sullivan, & Ekstrand, 1971). 

Experiments using this technique mostly confirmed the dual process model of sleep and memory 

consolidation, with early sleep aiding in word list learning and spatial learning and late sleep 

assisting with later performance in word-stem priming and procedural tasks (Plihal & Born, 

1999, 1997). Because the recollection necessary for much of declarative memory is thought to be 

more dependent on the hippocampus, and the processes associated with nondeclarative memory 

are more dependent on measures of familiarity that are hippocampally independent, it was 
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further thought that SWS may specifically aid in consolidating hippocampal memories 

(Diekelmann, Wilhelm, & Born, 2009). 

However, evidence collected over the last few decades has revealed some flaws in this 

simplistic view and simultaneously made our understanding of sleep’s role in memory less clear. 

For instance, the dual process hypothesis did not assess the most common stage of sleep, N2, and 

it has been found that this stage (as well as the spindles frequently observed in N2) is correlated 

with various types of memory retention, including both motor and declarative memory 

performance (Milner, Fogel, & Cote, 2006; Ruch et al., 2012). Further, some studies suggest that 

all stages may work in tandem to consolidate memories and that disruption of any part of the 

sleep cycle may affect this process. This idea, known as the sequential hypothesis, runs counter 

to the neat assignment of specific types of memory to certain stages (Ambrosini, Sadile, Gironi 

Carnevale, Mattiaccio, & Giuditta, 1988). Additionally, sleep’s role in memory processing has 

been found to involve more than the rote strengthening of memory across the board. Rather, 

sleep seems to aid in forming inferences from memories, to assist in off-line problem solving, to 

help the brain use memories in creative ways, and to select memories for preferential 

strengthening and weakening (Stickgold & Walker, 2013). 

The current landscape of the sleep and memory literature continues to increase in 

complexity as more classifications of memory systems emerge, more physiological components 

of sleep are suggested to play a role in memory processing, and an explosion of technology has 

allowed for increasingly fine-tuned assessment of sleep on both a cellular and systems level. The 

current work examines means by which the brain may select some declarative memories for 

preferential consolidation during sleep, and as such, the focus of this project is on the sleep 

physiology that has most commonly been found to be associated with these processes (primarily 
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N2, N3, and sleep spindles). The following sections outline the two major competing – but 

perhaps somewhat complementary – systems-level theories of the mechanisms by which non-

REM sleep assists in the consolidation of declarative memory, a short examination of how sleep 

may aid memory at a cellular level, and a brief review of memory selectivity in sleep-dependent 

consolidation. 

 

1.2.2 Active Systems Consolidation 

 The theory of active systems consolidation is perhaps the most popular, and as its name 

suggests, is characterized by the idea that there is an active process occurring during sleep that 

aids in memory consolidation. This directly contrasts with the formerly popular idea that sleep is 

simply a period during which memories are protected from the interference caused by new 

learning. Specifically, this theory proposes that there is active communication between the 

hippocampus and cortex during sleep that strengthens memories learned during wakefulness.  

Though much of this theory has been formulated based on the standard model of memory 

consolidation – in which memories are transferred from the hippocampus to the neocortex – its 

foundational ideas can still be applied to a multiple trace model of memory consolidation in 

which overlapping hippocampal-cortical traces are strengthened during sleep.     

 Slow wave activity. As mentioned earlier, there is a wealth of evidence showing that 

increases in total time spent in SWS is correlated with declarative memory performance. As 

such, SWS is often hypothesized to be a particularly important time for hippocampal-cortical 

traces to be strengthened. The previously discussed up-states and down-states of mass neuronal 

depolarization and hyperpolarization compose what is known as slow wave activity (SWA), 

which appears to be a cortically-driven process (Sanchez-Vives & McCormick, 2000). The 
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amount of this SWA has been found to vary depending on the amount of learning that happens 

before sleep (Mölle, Marshall, Gais, & Born, 2004), and the amount of SWA can even be 

manipulated by increases in synaptic potentiation induced by repetitive transcranial magnetic 

stimulation (rTMS) before sleep (Huber et al., 2007). The disruption of SWA can decrease 

subsequent memory performance (Landsness et al., 2009), and perhaps most interestingly, the 

direct induction of SWA via transcranial direct current stimulation (tDCS) has been found to 

increase memory performance for word pairs (Marshall, Mölle, Hallschmid, & Born, 2004). 

Taken together, there is rather strong evidence that SWA plays a causal role in declarative 

memory consolidation. 

 Sleep spindles. The fast bursts of thalamically-driven neural activity known as sleep 

spindles may also play a role in sleep-dependent memory consolidation, as correlational 

evidence shows an association between increased spindle activity and retention of declarative 

memories, skills, and integration of information into existing networks (Ruch et al., 2012; Smith, 

Aubrey, & Peters, 2004; Tamminen, Payne, Stickgold, Wamsley, & Gaskell, 2010). Sleep 

spindles can be divided into fast spindles (13-15 Hz) occurring primarily during N2 sleep and 

slow spindles (10-12 Hz) taking place during SWS (Gennaro & Ferrara, 2003). Because slow 

spindles have a narrower distribution (mostly prefrontal) than fast spindles (which span parietal 

and central cortices and include the hippocampus), some have suggested that fast spindles 

underlie thalamocortical connectivity whereas slow spindles aid in intracortical communication 

(Doran, 2003).  

Schabus et al (2004) trained participants on a paired-associates memory task, tested their 

memory immediately and after a period of sleep, and compared that night of sleep’s physiology 

to a previous night of sleep. After dividing participants based on whether or not they 
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demonstrated an increase in spindles compared to the first night, only those with a spindle 

increase showed a memory improvement after sleep. Though several studies have suggested 

sleep spindles are generally higher in those with higher cognitive performance and the 

relationship between spindles and memory may be the result of a third variable (Schabus et al., 

2006), in vitro demonstrations of stimulation along the spindle band have been found to induce 

long-term potentiation (Rosanova & Ulrich, 2005), providing strong evidence for a causal role of 

spindle activity on synaptic strength. Recent pharmacological interventions have also supported 

this idea: the administration of zolpidem (commonly known as Ambien) increased both spindle 

density and memory retention without increasing SWA (Mednick et al., 2013), isolating spindles 

as a potential driver of memory enhancement. 

Reactivations. The primary mechanism by which memories are proposed to be 

strengthened in an active systems model of consolidation is the reactivation of the neural traces 

that comprise a memory. The idea that a memory can be strengthened via reactivation is nothing 

new, as this is the fundamental idea of the effects of repetition, testing, and context-dependency 

on learning and retrieval (Godden & Baddeley, 1975; McDaniel, Anderson, Derbish, & 

Morrisette, 2007; Scarborough, Cortese, & Scarborough, 1977). The concept of such 

reactivations bolstering memory is also supported at a cellular level by Hebb’s theory of learning 

(often coined as “neurons that fire together wire together”) (1949) as well as our more modern 

understanding of associative LTP (Bliss & Lomo, 1973). Central to an active systems model is 

the notion that memories are reactivated during sleep. 

Reactivation in hippocampal neuronal ensembles during sleep has been repeatedly shown 

in rats. In one seminal study, place cells of rats were measured as they explored a new 

environment. As the rat explored different parts of this environment, hippocampal place cells 
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corresponding with each area would be activated. When the activity of these cells was monitored 

during the following period of sleep, they were found to fire in the same order as they had during 

waking exploration (Wilson & McNaughton, 1994). Similar reactivations have since been found 

to occur in cortical areas, and these reactivations are coordinated with hippocampal reactivations, 

suggesting memory trace replay as a viable mechanism for memory strengthening in sleep (Ji & 

Wilson, 2007).  

Though neuronal replay in humans cannot be monitored at the temporal or spatial 

resolution possible with rats, there is some evidence from PET and fMRI studies that replay 

takes place in humans during sleep (Bergmann, Mölle, Diedrichs, Born, & Siebner, 2011; 

Peigneux et al., 2004). Additionally, it appears that neural replay can be externally induced 

during sleep to induce reactivation and memory enhancement. In one study (Rasch, Buchel, 

Gais, & Born, 2007) participants learned a series of card-pair associations while exposed to an 

odor. If this same odor was presented to participants while they were in SWS, later performance 

on this task was enhanced, suggesting that the presentation of the odor during SWS caused 

replay and consolidation. This same effect has also been shown with even more specificity using 

auditory stimuli: if individual object locations are paired with sounds, playing those sounds 

during SWS strengthens the memories for their associated object locations (Rudoy, Voss, 

Westerberg, & Paller, 2009). 

Reactivations have been shown to frequently occur at the same time as neural events 

known as sharp-wave ripples (SW-Rs), which are quick depolarizations of small populations of 

cells in the hippocampus (Peyrache, Khamassi, Benchenane, Wiener, & Battaglia, 2009). The 

disruption of these SW-Rs during sleep causes a decrease in memory performance afterwards 

(Ego-Stengel & Wilson, 2010), and SW-Rs are more likely to occur after learning and LTP 
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induction (Behrens, van den Boom, de Hoz, Friedman, & Heinemann, 2005; Eschenko, 

Ramadan, Mölle, Born, & Sara, 2008). Critically, replay induced during SWS SW-Rs in rats 

results in an increase in later memory performance, providing a strong causal link between SW-

Rs and consolidation (Barnes & Wilson, 2014). 

 

 Synchrony. Though cortically-driven SWA, thalamically-driven spindles, and 

hippocampal SW-Rs are each interesting in their own right, an important facet of active-systems 

consolidation is the interaction between them. The propagation of spindles and SW-Rs are 

limited to the up-states of slow wave oscillations, indicating top-down control of these 

phenomena by the cortex (Battaglia, Sutherland, & McNaughton, 2004). In a similar fashion, 

SW-Rs have been shown to be nested within the depolarized troughs of spindles (Siapas & 

Wilson, 1998). Thus, the synchronization of these three neural firing patterns in the 

hippocampus, thalamus, and cortex indicates active communication between the three regions. 

Such communication is conducive to the hypothesized strengthening of hippocampal-cortical 

memory traces via cortically organized reactivations driven by the hippocampus. Taken together, 

the causal links between each phenomenon and memory, along with the coordination between 

them, provide a strong case for an active process of memory strengthening during SWS.  

 

1.2.3 Sleep and Synaptic Plasticity 

A wealth of research has also shown an important role for sleep in synaptic plasticity, 

affecting the processes of LTP at a cellular level and network malleability in cortices (Frank, 

2015; Raven, Van der Zee, Meerlo, & Havekes, 2017). Though there is ample evidence that 
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Figure 1: A schematic of the relationship between physiological markers underlying active 

systems consolidation (figure from Born & Wilhelm, 2012). Cortically-driven slow oscillations 

entrain the timing of spindles originating in the thalamus (blue), the troughs of which SW-Rs 

from the hippocampus (green) are binned into. Such top-down synchronization facilitates the 

communication of information back up across hippocampal-cortical memory traces via neural 

reactivations. 

 

 

sleep plays a role in synaptic plasticity, the exact nature of this role is still hotly debated, as there 

has been an array of conflicting findings on the topic. While some believe that sleep inhibits LTP 

to decrease overall potentiation, others suggest that sleep is an important time for the excitatory 

facilitation of LTP. 

Synaptic homeostasis hypothesis. In contrast to the active-systems consolidation model, 

the synaptic homeostasis hypothesis (SHY) rejects the idea that neural ensembles are further 

potentiated during sleep. However, unlike the interference reduction hypothesis, SHY posits that 

sleep provides an active depotentiation of synapses overall. In this model proposed by Tononi 

and Cirelli (Tononi & Cirelli, 2006, 2014), essentially all memories are weakened, but those 
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synapses that were the most potentiated to begin with remain above threshold for subsequent use. 

Thus, SHY is proposed to be a means by which the brain both saves metabolic energy and 

prevents itself from becoming oversaturated with synaptic connections, and memories persist in 

a survival-of-the-fittest manner. Though the end result of both active systems consolidation and 

SHY is the same – higher potentiation for traces most potentiated during prior wakefulness 

relative to other synapses – they fundamentally differ in their proposed mechanisms of 

increasing this signal-to-noise ratio. Though it isn’t clear whether this downscaling works via a 

proportional downscaling, a selective downscaling of weak synapses, or the protection of strong 

synapses from long-term depression (LTD), the critical component of this model is an overall net 

decrease, rather than increase, in synaptic potentiation. 

 

Figure 2: The Synaptic Homeostasis Hypothesis (figure from Tononi & Cirelli, 2006). Learning 

leads to an overall increase in synaptic weights, which also increases energy costs, space costs, 

and overall saturation in neural networks. SWS downscales synaptic weights proportionally in 

order to maintain signal-to-noise ratio while reducing overall weights to baseline levels. 
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 Indeed, there is some evidence for a global change in the brain during sleep. After 

periods containing wake, early response by electric stimulation (a measure of synaptic strength) 

in cortical neurons is higher than after periods of sleep (Vyazovskiy, Cirelli, Pfister-Genskow, 

Faraguna, & Tononi, 2008). Likewise, firing rates of cortical neurons increase after periods of 

wake, further supporting the idea of gradual increases in potentiation in the absence of sleep 

(Vyazovskiy et al., 2009). Neurochemical evidence seems to promote this theory as well. 

Plasticity-promoting neuromodulators such as histamine and serotonin are lower in sleep, as are 

proteins that aid in LTP such as brain-derived neurotropic factor (BDNF), while inhibitors of 

LTP such as CamKIIN are upregulated (Aicardi et al., 2004; Cirelli, Gutierrez, & Tononi, 2004; 

Tononi & Cirelli, 2014). Similarly, GluA1-containing AMPARs, a critical component of LTP, 

are found to be expressed significantly more in wake than in sleep in the cortex and 

hippocampus, and these AMPARs have recently been found to undergo removal and 

dephosphorylation during sleep (Diering et al., 2017; Vyazovskiy et al., 2008).  

The relationship between potentiation and sleep also seems to be bidirectional, resulting 

in a feedback loop, and this relationship heavily implicates SWA in the downscaling process. 

Increases in cortical evoked field potentials, increases in BDNF, and participation in learning 

tasks all predict the amount of SWA in subsequent sleep (Hanlon, Faraguna, Vyazovskiy, 

Tononi, & Cirelli, 2009; Huber, Tononi, & Cirelli, 2006; Vyazovskiy et al., 2008). It is argued 

that because the synchronization of neurons is higher when connectivity is broad or homogenous, 

and because wake promotes broad associations over experiences, wake promotes the 

synchronous activity of SWA. A similar proposal is made regarding cellular supplies, as sleep 

deprivation gradually fosters a decrease in protein synthesis and hurts encoding (Naidoo, Giang, 

Galante, & Pack, 2005). In contrast, increases in waking SWA induced by transcranial 
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stimulation aids in subsequent encoding (Antonenko, Diekelmann, Olsen, Born, & Mölle, 2013), 

which may indicate a role of SWA specifically in depotentiation and/or replenishing supplies for 

protein synthesis necessary for learning. Importantly, structural analyses of synapses and 

dendritic spines confirm the downregulation of LTP, as young mice exhibit a reduction in 

dendritic spines after sleep, and recent analyses have shown that sleep decreases spine head size 

and axon-spine interfaces, particularly in already weak synapses (de Vivo et al., 2017; Maret, 

Faraguna, Nelson, Cirelli, & Tononi, 2012). 

Arguments against SHY. Others contend that sleep plays an active role in facilitating 

the excitatory maintenance of LTP (Frank, 2015). Much of the work by these researchers has 

used a monocular deprivation (MD) paradigm in cats. In this procedure, developing cats are 

blinded in one eye, and the resulting changes in the visual cortex are noted. Without any further 

manipulation, cortex normally used for the deprived eye (DE) begins to respond to the non-

deprived eye (NDE) instead, demonstrating neural plasticity. Importantly, work of this nature has 

shown that excitatory effects in sleep are necessary for the maintenance of this plasticity. After 

six hours of sleep, the effects of MD are enhanced when compared to a similar amount of time 

containing only wakefulness, but the introduction of GABA agonists – which inhibit activity – 

removes this benefit, showing that excitatory inputs during sleep are necessary for such plasticity 

(Frank & Benington, 2006). Similarly, fast-spiking neurons (usually GABAergic) naturally 

decrease in activity after MD, and this decrease is maintained in sleep. On the other hand, regular 

spiking neurons (usually excitatory) show the opposite effect (Aton et al., 2013).  

Providing more evidence for an excitatory role for sleep in plasticity is the finding that 

sleep promotes the stronger response to the NDE rather than a weakened response to the DE, as 

SHY might predict (Aton et al., 2009, 2013). Sleep following MD also naturally encourages the 
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activation of kinases and synthesis of proteins necessary for LTP; surprisingly, not only does 

wake following MD produce fewer of these molecules, but wake-dependent plasticity is resistant 

to blocked protein synthesis (Aton et al., 2009; Seibt et al., 2012). This suggests an active role of 

sleep in LTP and is further supported by findings that LTP-like learning mechanisms develop in 

response to a visual orientation task, but only when sleep is present (Aton, Suresh, Broussard, & 

Frank, 2014). 

Additionally, research has shown that sleep deprivation causes a host of problems with 

processes underlying LTP. AMPA phosphorylation and NMDA receptor function are both 

diminished during sleep deprivation, as is the production of cAMP, a second messenger 

important in LTP (Hagewoud et al., 2010; Kopp, Longordo, Nicholson, & Lüthi, 2006). Notably, 

this research also showed that artificially boosting cAMP in the hippocampus reversed the 

memory deficits seen from sleep deprivation, providing causal evidence of cAMP – and thus 

LTP – as important in the cognitive benefits sleep provides. Further complicating the issue are 

the discovery the importance of NREM sleep in motor cortex spine growth, a reduction in 

hippocampal dendritic spines after sleep deprivation, and a reversal of the latter after recovery 

sleep (Acosta-Peña et al., 2014; Havekes et al., 2016; Yang, Wan Lai, Cichon, Li, & Gan, 2015). 

Finally, an increase in evoked potentials in the cat cortex after a period of SWS runs directly 

contrary to some of the fundamental findings supporting SHY (Chauvette, Seigneur, & 

Timofeev, 2012).  

 

1.2.4 Selective Memory Processing 

Central to the topic examined in the present work is the idea that sleep benefits some 

memories more than others. Whether it is by the continued strengthening of potentiated networks 
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by reactivations or simply the relative retention of memories that are initially encoded strongly, 

the memory benefit provided by sleep is selective. Though several factors during learning have 

been found to influence later sleep-dependent memory processing, presumably by increasing 

memory saliency in some way, how the brain makes such determinations of saliency remains 

unclear.  

 Strength of encoding. Given that one of the factors thought to influence sleep-dependent 

memory strengthening is the facilitation of the networks most potentiated during wake, many 

researchers have sought to examine the relationship between initial memory performance and 

post-sleep performance. Though learning on specific tasks can increase SWA in associated 

cortical areas, and this SWA increase is correlated with performance improvement (Huber, 

Felice Ghilardi, Massimini, & Tononi, 2004), the direct comparison between weakly-encoded 

and strongly-encoded memories has yielded conflicting results. 

 Hauptmann et al (2005) trained subjects on a task in which they were to count the number 

of characters in a string of letters and make quick but accurate responses accordingly. After 

finding the average number of training trials needed for performance saturation (i.e. lack of 

continued improvement), the researchers administered that number of trials to several subjects, 

some of whom saw their performance saturate and some who did not. At a later test 24 hours 

later, only those subjects whose performance saturated showed an improvement in performance. 

Though sleep was not directly compared with equivalent periods of wakefulness, this study 

demonstrated off-line processing only for those who had already learned strongly. 

 Similar effects were found by Tucker & Fishbein (2008), who used three different tasks – 

a paired-associates test, a maze learning activity, and the memorization of a complex shape – to 

assess a nap’s role on consolidation. Only the paired-associates task showed an overall benefit 
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from a period of sleep compared to wake; however, when participants were split according to 

their initial performance, those in the high-performance group saw a significant improvement in 

the nap group for each measure, whereas those with initial low performance saw no differences 

between the nap and no-nap groups on any task. Further, paired-associates learning was 

correlated with amount of SWS, and the researchers theorized that those with better encoding 

skills were “better equipped physiologically to benefit from sleep-related mnemonic processes” 

(Tucker & Fishbein, 2008, p. 202).  

 However, other work implicates sleep in the preferential bolstering and protection of 

weakly-encoded information. Ekstrand (1967) found that when a list of paired-associates was 

learned followed by a similar list, the initial list suffered from decreased retention 12 hours later, 

replicating the earlier discussed findings of Müller and Pilzecker (1900). However, if a night of 

sleep took place in those 12 hours, participants were able to immediately relearn the first list in 

the morning, whereas those who only experienced wake did not see this dramatic re-emergence 

of the memory. This study was later replicated under more stringent conditions by Drosopolous 

et al (2007), controlling for circadian rhythm effects and verifying with comparisons to 

immediate performance. This group ran an additional study in which the lists were dissimilar but 

varied by length of stimulus presentation. This experiment confirmed that strength of initial 

encoding – and not simply order of stimulus presentation – predicted the effects of sleep on 

memory, with sleep preferentially stabilizing more fragile memories. 

 Likewise, Kuriyama et al (2004) found that complicated patterns on a sequential finger-

tapping task benefitted from a period of sleep over twice as much as three other patterns of lesser 

complexity. Performance was also analyzed on the basis of transitions between components of 

each of the sequences, and those transitions with which the subjects initially struggled saw the 



35 
 

greatest improvement after sleep. More recently, Abel & Bäuml (2012) examined the effect of 

sleep on retrieval-induced forgetting (RIF). In RIF paradigms, two sets of semantically related 

words are learned (e.g. fruits and sports), and subsequent retrieval of specific items of one 

semantic set (e.g. “apple”) causes other non-retrieved items in that set (e.g. “mango”) to be 

remembered worse when compared to the other set of learned, but non-retrieved, items from the 

control set (e.g. “soccer”). Abel and colleagues found that sleep, rather than eliminating RIF, 

actually maintained RIF compared to wake. However, this was due to sleep stabilizing the 

control list, whereas the control list deteriorated over wake. Collectively, the evidence leaves it 

unclear whether sleep facilitates strongly-encoded information or provides a period of time for 

weaker, more susceptible memories to be stabilized and reinforced.  

 Future relevance. Motivational factors could influence how memories are later retained, 

and investigators have sought to determine if the simple knowledge that information will be 

useful later can influence offline processing during sleep. Wilhelm et al (2011) trained 

participants on three tasks – paired associates, object locations, and finger tapping sequences – 

and only told some participants they would be tested on this information 12 hours later. Subjects 

whose delay contained a night of sleep saw memory benefits in all three tasks, though only if 

they expected to be tested later. Interestingly, compared to subjects who did not expect a future 

test, those in the sleep group who expected to be tested later exhibited higher spindle counts and 

SWS in the delay, both of which were correlated with post-delay performance.  

 Other studies have examined the effect of learning of a future test after all learning has 

taken place. When participants are trained on a two finger tapping sequences and were then told 

they would only be rewarded for remembering one specific sequence, those who slept during the 

delay performed better on that sequence only, whereas the wake group saw no improvement for  
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Figure 3: Selective memory processing over sleep (figure from Stickgold & Walker, 2013). In a 
uniform model of sleep-dependent memory consolidation, all memories are treated equally over 

a night of sleep. In contrast, a selective model proposes that some memories are somehow 

“tagged” according to their relevance level in a pre-sleep state and are later strengthened or 

weakened accordingly during sleep. Though all memories should theoretically show some 

improvement when compared to a period of wakefulness, memories tagged as relevant should 

see noticeably greater improvement. 

  

 

either (Fischer & Born, 2009). Likewise, when subjects learned object-location associations and 

were told afterwards that only their memory for certain types of objects would be rewarded later, 

the recollection of their associated locations deteriorated less than those of the other objects, and 

only if sleep was present in the interval between learning and test (van Dongen, Thielen, 

Takashima, Barth, & Fernández, 2012). 

Such retention specificity has also been shown for items on a trial-by-trial basis in 

paradigms that immediately instruct subjects to remember or forget stimuli after presentation. 

Participants were presented with a list of words, and after each they were shown a cue indicating 

whether that word should be remembered or forgotten. After a nap or wake, they were then 

tested, and sleep was shown to enhance the to-be-remembered word memory while leaving to-
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be-forgotten words unaffected (Saletin, Goldstein, & Walker, 2011). In a similar paradigm 

utilizing fMRI, the wake and sleep groups retained the same amount of to-be-remembered items, 

though the sleep group appropriately forgot more of the to-be-forgotten words. Interestingly, 

hippocampal activations at encoding predicted memory for later words in the sleep group, but 

not the wake group (Rauchs et al., 2011). Fischer, Diekelmann, and Born (2010) attempted to 

examine this effect on already-learned stimuli. Subjects were trained on a paired associates task, 

and immediately after, they were tested on them; however, for half the primes they were told to 

recall the associated words, and for half they were told to keep them out of mind. Surprisingly, 

sleep had no effect, perhaps indicating that sleep-facilitated intentional forgetting on a trial-by-

trial basis may require intentional suppression at first learning. 

 A wealth of research has also examined intent on learning of finger tapping sequences to 

parse apart the implicit nature of motor memory and the explicit nature of the sequences 

themselves. Robertson and colleagues (2004) trained some subjects on this task while explicitly 

telling them they were learning a sequence, whereas others performed this same sequence under 

the guise of making decisions on another task. All subjects in the implicit learning task saw 

improvement over time, whereas enhancement in the explicitly learned task was dependent on 

sleep and correlated with REM. Cohen et al (2005) attempted to answer a similar question by 

teaching participants a sequence, but later testing them with their other hand on either the same 

numerical sequence (indicating explicit knowledge of the sequence) or a mirrored version of it 

(indicating memory for the muscle movements). This group found that memory for the sequence 

was consolidated over sleep, whereas motor movements improved over the day. Witt et al (2010) 

replicated this finding of sleep’s effects, though without motor memory improvements in any 

subjects. Such findings suggest that even subtle explicit knowledge of learning can alter how 
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sleep processes memory and cast some doubt on whether other studies utilizing this task are truly 

examining motor memory versus more explicit memory. 

Emotion. The retention of emotionally arousing stimuli has been found to be particularly 

dependent on consolidation during sleep. When participants were given both an emotionally 

laden and a neutral text excerpt to read, those who obtained three hours of late-night, REM rich 

sleep showed markedly greater recollection of the emotional content compared to neutral content 

or those who received no sleep in that time (Wagner, Gais, & Born, 2001). Interestingly, when 

subjects who underwent this procedure were tested four years later, those who slept still showed 

a dramatic difference in their retention for emotional texts, emphasizing the long-term impacts of 

a single night of sleep on long-term memory (Wagner, Hallschmid, Rasch, & Born, 2006). 

This effect of sleep on emotional memory has also been shown with images. Hu et al 

(2006) presented participants with both emotional and neutral scenes, and they were tasked with 

determining if each scene took place indoors or outdoors. When participants were tested after a 

12 hour period containing a night of sleep, they recognized the emotional content better than 

when tested after a 12 hour period containing a day of wakefulness, though memory for neutral 

images was about equal across sleep conditions. Payne and colleagues (2008) demonstrated a 

similar effect when they presented images containing emotional objects against neutral 

backgrounds: when compared to a consolidation period containing wake, memory tests after a 

night of sleep showed increased retention of emotional information with a concurrent decrease in 

memory for the associated neutral backgrounds. Though several studies have demonstrated a 

potential role for REM in driving this effect (Wagner, Gais, & Born, 2001; Payne et al, 2008; 

Nishida, Pearsall, Buckner, & Walker, 2009), more recent evidence has implicated SWS in this 



39 
 

selectivity in memory (Payne et al., 2015), and further work has shown that cortisol at learning 

mediates this process (Bennion, Mickley Steinmetz, Kensinger, & Payne, 2015). 

 Reward. Rat studies examining SW-Rs have demonstrated a specific relationship 

between reactivations and the presence of reward during learning. After rats were allowed to 

explore an area containing specific wells with food rewards, SW-Rs and the corresponding 

replay of specific neuronal spike trains in the ventral striatum were found to be most prominent 

for those that had initially been recorded when exploring rewarded sites (Lansink et al., 2008). 

Such replays occurred in quiet rest and SWS, but not in REM. Further investigations using a 

rule-based paradigm for encountering reward confirmed that reward was a determining factor in 

the prediction of these replayed spike trains, as the exploration of reward wells via trial and error 

was not enough to elicit replay; reward had to be present in order for replay to occur in later 

sleep (Peyrache et al., 2009). Interestingly, Dupret et al (2010) found that such SW-Rs were also 

dependent on effortful learning, as providing visual cues to the location of some rewards did not 

result in replay for those trials.   

 More recent human research, though limited, has also suggested a role of reward circuitry 

in the selective consolidation of reward-related memories. Werchan & Gómez (2013) 

demonstrated that the increased ability to make transitive inferences about stimuli over sleep is 

dependent on reinforcement during learning trials. Participants in another study viewed a series 

of images preceded by different monetary amounts and were promised to earn the presented 

value for remembering that image later (Feld, Besedovsky, Kaida, Munte, & Born, 2014). 

Interested in whether or not later differences in memory for high- versus low-reward trials might 

be influenced by reactivation of dopaminergic reward circuitry in sleep, a dopamine agonist was 

administered to some participants as they slept. Though the administration of this agonist wiped 
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out the otherwise observed memory benefit for high-reward trials, it did so by decreasing 

memory overall, potentially by disrupting sleep. Furthermore, this study was confounded by 

participants’ knowledge that some material would be more relevant in the future, rather than 

strictly receiving rewards after certain trials. Though the effects of dopamine and reward on 

memory are well-documented, surprisingly little conclusive research has been done on sleep and 

reward-driven memory, especially in humans. 

 

1.3 Dopamine and Memory 

Though dopaminergic neurons primarily comprise a series of pathways from the ventral 

tegmental area (VTA) and substantia nigra pars compacta (SNc) in the midbrain to the ventral 

striatum (particularly the nucleus accumbens (NAcc)), dorsal striatum, and prefrontal cortex, 

there also exist projections from the VTA to the hippocampus, and recent work suggests 

hippocampal dopaminergic inputs from the locus coeruleus as well (Grace, Floresco, Goto, & 

Lodge, 2007; Kempadoo, Mosharov, Choi, Sulzer, & Kandel, 2016; Takeuchi et al., 2017). As 

can be imagined, then, the role of dopamine on memory has been examined extensively (Schultz, 

2004). 

Research on the role of dopamine and dopaminergic neurons in memory formation has 

for a long time been focused on the influence of rewards on learning (Schultz, 1998). In short, 

dopamine neurons aid in the learning of reward associations by coding for reward prediction 

errors (RPEs), which reflect the discrepancy between the timing and size of an expected reward 

with the actual timing and size. If an animal receives an unexpected reward or a larger-than-

expected reward, dopamine neurons fire at an increased rate at the time of the administration of 

that reward. In contrast, the absence or delay of a reward or the receipt of a smaller-than-
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expected reward will result in a depression of the firing of dopamine neurons, and a reward given 

in the expected time and amount will elicit no change. In this way, dopaminergic activity can 

influence the learning of associations between cues and rewards and modify future reward 

predictions (Schultz, 1998; Waelti, Dickinson, & Schultz, 2001). 

However, the short bursts of activity responsible for coding RPEs are not the only 

characteristic of dopamine neurons. In addition to responding to rewards, dopamine neurons are 

also implicated in motor control and behavior (Schultz, 1998; Grace, Floresco, Goto, & Lodge, 

2007), responses to novelty (Horvitz, Stewart, & Jacobs, 1997), and “generalization” reactions to 

stimuli similar to previously learned rewards (Schultz & Romo, 1990). Further, in addition to the 

quick bursts of firing in response to stimuli (“phasic” activity), dopamine neurons exhibit slower, 

more irregular firing rates (“tonic” activity) that mediates the baseline level of extracellular 

dopamine. Whereas phasic activity is driven by a variety of excitatory inputs, tonic activity is the 

result of a decrease of the constant inhibitory activity of the ventral pallidum on the VTA (Grace 

et al., 2007). Though phasic activity provides a more intuitive pathway for learning via RPEs, 

tonic activity may also assist in memory formation by assisting in LTP processes, as described 

by the synaptic tag and capture hypothesis. 

 

1.3.1 Synaptic Tag and Capture Hypothesis 

 As discussed previously, LTP is the process by which physical changes occur to increase 

synaptic strength. Though two types of LTP have been observed – long lasting L-LTP and the 

more transient E-LTP – the relationship between them and the factors deciding which is induced 

by a given stimulus are not fully known. Additionally, the manner in which activity of a specific 

synapse on a neuron (that may contain upwards of 10,000 synapses) results in that synapse’s 
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physical alteration is still being elucidated. However, Frey and Morris (1998) conducted work 

which led them to propose a system by which a “tag” is set at a synapse that facilitates its 

subsequent bolstering. In this synaptic tag and capture (STC) hypothesis, activation of a neural 

pathway results in the initiation of the synthesis of plasticity related proteins (PRPs) within the 

cells and the setting of tags at the synapses on that pathway. These tags allow for the capture of 

PRPs, resulting in the physical changes necessary for increased firing at that synapse. Such a 

hypothesis differs from others that suggest a costly synthesis of proteins at the synaptic sites or a 

complex trafficking of proteins from the soma to specific synapses.  

 Critically, STC allows for changes from one neuronal activation to influence LTP 

induced by later activations of other neural pathways. If one pathway is activated, a tag is set, but 

the PRPs from that activation may only be enough to induce E-LTP; however, if a subsequent 

activation occurs in that neuron that involves synapses in another pathway, the PRPs from that 

activation can be caught by the tags from the prior pathway and change what would otherwise be 

E-LTP to L-LTP. (Likewise, residual PRPs from an initial activation can change subsequent E-

LTP to L-LTP.) In this way, the transition from E-LTP to L-LTP in a synapse can be influenced 

not only by strong initial stimulation, but also by other activity of the neuron before or after 

induction. Later evidence has shown that such principles also apply to LTD as well, implicating 

STC as having a broader role in synaptic plasticity (Sajikumar & Frey, 2004). Though STC has 

more recently been refined to account for the identity of the “tag” (now thought to be a 

temporary structural change), to more accurately define PRPs as plasticity-related products (to 

account for kinases, mRNA, and receptors caught by tags), and to clarify the types of changes 

induced by tags (insertion of AMPA receptors into the post synaptic density in addition to  
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Figure 4: A model of synaptic tag and capture (figure from Redondo & Morris, 2010). The 

second and third rows represent dendrites of the same neuron receiving a weak input at one 

synapse (top) and strong input from a second (bottom). a) Each synapse receives an EPSP, 

initiating the tagging process. b) The spine scaffolding experiences structural changes (i.e. 

tagging) and AMPARs are temporarily inserted into the post-synaptic density (PSD) slots, 

resulting in E-LTP. c) PRPs from the cell body, produced mainly because of the strong 

tetanization of the bottom dendrite, make their way to the synapses. d) PRPs insert additional 

PSD slots into and reinforce the transiently labile dendritic structure at both synapses. e) The 

tagged state disappears, but the changes remain, resulting in L-LTP at both the weakly- and 

strongly- activated synapses. 

  

structural dendritic changes) (Redondo & Morris, 2011), the hypothesis still provides insight into 

the molecular and cellular processes surrounding synaptic plasticity. 

Importantly for our work, since the inception of STC, dopamine has been suggested to be 

necessary for tagging in the CA1 region of the hippocampus, which is enervated by 

dopaminergic neurons (Frey & Morris 1998). Such predictions were based on the natural 

increase in hippocampal dopamine during LTP induction, the blocking of L-LTP (but not E-

LTP) by dopamine antagonists, and the protein-dependent induction of potentiation purely via 

the administration of dopamine or dopamine agonists (Frey, Schroeder, & Matthies, 1990; 

Gribkoff & Ashe, 1984; Huang & Kandel, 1995). Frey and Morris suggested that dopaminergic 
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inputs may be needed to act in tandem with glutamatergic (NMDA) inputs to induce events 

necessary for L-LTP, an idea that has since been confirmed (Navakkode, Sajikumar, & Frey, 

2007). O’Carroll and colleagues (2006) provided behavioral evidence of this phenomenon when 

they administered a dopamine antagonist to rats at varying time points surrounding learning on a 

water maze task. If the rats received the antagonist immediately before learning, performance six 

hours later was hindered; however, administration of the antagonist after learning did not have 

this effect, nor was the effect present at immediate test regardless of antagonist administration 

time, suggesting a role of dopamine in the induction (not preservation) of L-LTP (but not E-

LTP). Other experiments have also implicated dopamine as a necessary component of LTD 

(Sajikumar & Frey, 2004), providing evidence that dopamine plays a role in memory formation 

and synaptic plasticity that goes beyond the coding of RPEs. 

 

1.3.2 Novelty and Learning 

Of particular relevance to the present work are the dopaminergic activity responses due to 

novelty. When a unique stimulus is presented, a phasic dopamine response is observed, 

regardless of whether or not that stimulus is rewarding (Horvitz et al., 1997). Some evidence 

suggests that this phasic activity is due to novelty being treated as inherently rewarding, as rats 

can learn to press a lever simply to be presented with a novel stimulus (Reed, Mitchell, & Nokes, 

1996). Kakade and Dayan (2002) expanded on this idea by suggesting that novel stimuli provide 

a “novelty bonus,” by which organisms are more motivated to explore new situations and 

environments to search for extrinsic rewards. Relating this novelty effect to the learning benefits 

of dopamine, Lisman & Grace (2005) proposed a hippocampal-VTA loop wherein the 

hippocampus detects novelty by comparing stimuli to known information and communicates this 
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to the VTA via excitation of the subiculum, which excites the NAcc, resulting in the inhibition of 

the inhibitory effects of the ventral pallidum on the VTA. In turn, the dopaminergic neurons send 

relays to the hippocampus, resulting in facilitation of LTP. 

The effects of novelty exploration on dopaminergically driven LTP seem to support such 

an idea. If rats are allowed to explore a novel environment shortly (within 30 minutes) before 

undergoing a conditioning stimulation to induce LTP in CA1, LTP will occur even when the 

stimulation is normally too weak to cause lasting changes in potentiation. Dopamine antagonists 

during exploration will block this effect and, interestingly, dopamine agonists are enough to 

facilitate it even in the absence of environment exploration (Li, Cullen, Anwyl, & Rowan, 2003). 

Moncada & Viola (2007) followed up on this with behavioral results: exploration of a novel 

environment before training on an inhibitory avoidance task resulted in long-term memory of the 

task, despite the task typically only eliciting a short term performance change. Administration of 

dopamine antagonists (or PRP synthesis inhibitors) to CA1 before novelty exploration, however, 

blocked this effect. 

Though the results of the animal research are convincing, there are limitations in the 

granularity with which these processes can be observed in humans. Nonetheless, the human 

evidence that does exist seems to support the idea of a novelty-induced memory benefit from 

dopamine. In one study, SN/VTA activity increased as a function of the novelty of images, and 

memory for familiar images presented with novel images were later recognized more easily 

(Bunzeck & Düzel, 2006). Likewise, an fMRI study in which novel or familiar images were 

presented after novelty- or familiarity-predicting cues showed that the SN and VTA were 

activated in response to novelty cues and novel stimuli, whereas the hippocampus was activated 

by expected novel stimuli and familiar stimuli following a novelty cue (Wittmann, Bunzeck, 
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Dolan, & Düzel, 2007). Novel stimuli following a novelty cue were remembered the best the 

next day, suggesting that the SN and VTA may process the anticipation of novelty whereas the 

hippocampus immediately processes the encoding of the novel stimulus itself. This same group 

conducted an experiment (Fenker et al., 2008) to examine the effect of novel environment 

perception on subsequent learning by presenting subjects with a series of either familiar or novel 

scenes and then training them on a word list. Recollection and free recall measures of memory 

for these word lists demonstrated higher scores for those who were exposed to novelty prior to 

learning. fMRI analyses showed higher SN, VTA, and hippocampal activity during novelty as 

opposed to familiarity exposure (though these regions’ activity was not correlated with memory 

within the novelty group). Another experiment enhanced the external validity of such work by 

asking subjects to navigate through a virtual reality environment before learning word lists, and 

recall for these word lists was better if subjects explored a novel environment than if they 

navigated settings they had explored before (Schomaker, van Bronkhorst, & Meeter, 2014). 

Though these human studies provide coarse data when compared to the animal literature, the 

results demonstrate that novelty exploration can enhance subsequently learned information, 

potentially by the LTP mechanisms shown in animals. 

Synthesizing much of the above information, Düzel, Bunzeck, Guitart-Masip, & Düzel 

(2010) proposed a model for novelty’s role in memory processing: NOvelty-related Motivation 

of Anticipation and exploration by Dopamine (NOMAD). According to NOMAD, the 

anticipation of novelty engages the hippocampal-VTA loop and drives a constant tonic firing of 

dopamine neurons, which creates a larger pool of neurons from which phasic dopaminergic 

activity can occur for specific events. These firings are then able to stabilize LTP, and thus 

memory, for events. Additionally, NOMAD incorporates the behavioral and motivational 
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energizing effects of tonic dopamine firing (Niv, Daw, Joel, & Dayan, 2007) by suggesting that 

the tonic firing due to the anticipation of novelty leads to exploratory behaviors, and that the 

resultant phasic firing from experiencing novelty leads to anticipation of further novelty, and 

thus sustained exploration, tonic firing, and enhanced learning. It is under this general framework 

that the current work is considered. 

 

1.3.3 Curiosity and Learning 

 Though hypotheses about curiosity have been abundant through the history of 

psychology, little neurophysiological research has been done on the topic. While Freud and 

behaviorists like Harlow attempted to conceptualize curiosity as akin to a homeostatic drives 

(Harlow, Harlow, & Meyer, 1950; Loewenstein, 1994), and researchers such as Hebb, Piaget, 

and Hunt brought forward ideas defining curiosity as a result of incongruity between 

expectations and known information (Hebb, 1955; Loewenstein, 1994), some have argued such 

views do not fully account for curiosity entirely caused by extrinsic stimuli and more general 

epistemic curiosity for information on a topic (Loewenstein, 1994). Additionally, it is hard to 

gauge curiosity in animals in general, as exploration motivated by more basic homeostatic drives 

cannot be ruled out. More recent models of curiosity have attempted to describe it as motivation 

deriving from an “information gap” between what is known and what isn’t, but even this idea is 

challenged by increased curiosity due to the tip-of-the-tongue phenomenon, as well as individual 

differences in curiosity-inducing topics and the “ostrich effect,” in which people are less 

motivated to seek answers to questions when the suspected answer is undesirable (Golman & 

Loewenstein, 2015; Litman, Hutchins, & Russon, 2005).  
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What all of these ideas have in common, however, is that curiosity is characterized by 

motivated exploratory behavior in order to resolve a lack, gap, or incongruity of knowledge. This 

description is strikingly similar to the drives associated with reward-seeking behavior, and it is 

possible that some neural correlates are alike as well. Indeed, dopaminergic firing is the highest 

for cues associated with the highest level of uncertainty (P = .5) before reward presentation 

(Fiorillo, Tobler, & Schultz, 2003), and a key component of the NOMAD model (Düzel et al., 

2010) is the sustained interest in environment exploration after reward receipt. As such, some of 

the first neurophysiological curiosity research in humans has approached the topic from the 

perspective of reward seeking and learning and examined the associated brain regions. 

Kang et al (2009) developed an fMRI paradigm for assessing curiosity that involved 

presenting subjects with trivia questions, asking them to guess the answer, and then make ratings 

of their curiosity for the answer and their confidence that their own answer was correct. As 

expected, curiosity for unknown answers was highest, and these high curiosity questions elicited 

increased activity in the dorsal striatum, prefrontal cortex, and parahippocampal gyrus (PHG). 

When answers were revealed, PHG activation increased and was correlated with curiosity 

ratings. Likewise, pupil dilation response was greater during presentation of high curiosity 

questions and answers. Later memory tests also demonstrated that answers for high curiosity 

questions were recalled better. Interestingly, these neural activation patterns are somewhat 

similar to those in the novelty study by Wittman et al (2007), in which striatal activity was high 

during novelty cue presentation, hippocampal activity was raised by the presentation of the 

stimulus itself, and memory was high for the trials in which both of these activations took place. 

Additionally, pupil dilation has been associated with reward in the past (O’Doherty, Dayan, 
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Friston, Critchley, & Dolan, 2003) (though it should be noted that some have found pupil 

constriction to be associated with novelty (Naber, Frässle, Rutishauser, & Einhäuser, 2013)).  

A subsequent experiment using a trivia question paradigm demonstrated increased 

memory for rewarded questions and interesting questions, but these effects were not additive (i.e. 

only boring questions were improved by reward), supporting the conclusion that curiosity or its 

resolution may act as an intrinsic reward (Murayama & Kuhbandner, 2011). However, an fMRI 

study on perceptual curiosity (Jepma, Verdonschot, van Steenbergen, Rombouts, & 

Nieuwenhuis, 2012) in which participants were presented with blurred images followed by their 

originals, the anterior cingulate cortex and insula (areas associated with conflict, error, and 

uncertainty) demonstrated activation, though VTA/SN and hippocampal activity were found 

during curiosity resolution, and enhanced memory was demonstrated for the curiosity trials as 

well.  

Most recently, Gruber, Gelman, & Ranganath (2014) performed an fMRI experiment 

utilizing a more refined version of the trivia question paradigm to assess ventral striatal and 

hippocampal activity, examine both recall and recognition memory, and study the effects of 

curiosity on memory for unrelated stimuli. In the first part of the paradigm, participants were 

presented with trivia questions, asked to make curiosity ratings on them, and rate confidence in 

their answers. In the next task, they were shown the questions and their answers, but were also 

presented with a face after each question. Behavioral results indicated better memory for both 

high curiosity trivia answers and the associated faces. The fMRI data showed an increase in 

activity in the SN, VTA, and NAcc for high curiosity questions, and this activity was linearly 

associated with curiosity ratings. Activity in the NAcc and hippocampus during question 

presentation predicted memory for high curiosity trivia answers, whereas the SN/VTA 
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activations predicted memory across conditions. Though no ROIs per se were able to predict face 

memory within participants, those subjects who had the highest amount of SN/VTA and 

hippocampal activity demonstrated the highest curiosity memory effect for faces, and 

coactivations of these regions predicted these effects as well. These data further support the idea 

of a functional loop between the VTA and hippocampus (Lisman & Grace, 2005), which may 

facilitate novelty- and curiosity-driven memory benefits in a way similar to that of rewards. 

 

1.4 Current Experiments 

 

1.4.1 Rationale 

Motivated by the evidence of sleep’s role in selectively facilitating memory consolidation 

and synaptic plasticity, as well as models of novelty- and curiosity-induced enhancement of 

memory performance and LTP, we examined the role of sleep in maintaining the memory 

benefits derived from novelty and curiosity. If the tonic up-regulation of dopamine elicited by 

novelty and curiosity aids in hippocampal L-LTP induction and resultant memory consolidation, 

and sleep provides an ideal setting for synaptic plasticity and consolidation of hippocampal 

memory traces, it is plausible that sleep preferentially strengthens memories encoded during 

states of novelty exposure and curiosity. Much as other factors such as emotion, knowledge of 

future relevance, and learning strength influence sleep’s effect on memory, novelty and curiosity 

may serve as additional salience cues that tag memories for selective processing during 

subsequent sleep, particularly during NREM stages.       

 Prior research has hinted at such a possibility. McNamara and colleagues (2014) found 

that exploration of a novel environment by rats led to greater hippocampal reactivations during 
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subsequent periods of sleep and quiet rest. Further, they found that optogenetic stimulation of 

VTA neurons during novelty exploration increased these later hippocampal reactivations further, 

and dopamine antagonists blocked this effect. Similarly, de Lavilléon et al (2015) created a false 

reward-place association in rats by stimulating the medial forebrain bundle (MFB), a neural 

pathway emanating from the VTA, immediately after reactivations of hippocampal place cells 

during sleep. These reactivations caused an increase in the rats’ place preference for those cells’ 

place fields upon waking, comparable to the results found when the MFB was stimulated during 

waking exploration of those fields.  

Human research on the topic has been even less conclusive, however. In the previously 

mentioned Feld et al (2014) study, dopamine agonists were administered to humans during sleep 

after the learning of reward associations, and it was hypothesized that the effect of reward would 

disappear due to an increase in additional reactivations for non-rewarded trials. The agonist led 

to the obliteration of the memory for reward associations, as predicted, but it did so by 

decreasing memory overall, and the results suggest this was due to the agonist impairing sleep 

quality. Oyarzún and others (2016) found that reward associations led to increased memory for 

unrewarded stimuli of the same semantic category in a subsequent study list, but only after 24 

hours. However, this study did not directly manipulate or measure sleep as a variable, and the 

enhancement found was stimulus specific rather than an overall increase in memory for 

subsequent material as might be expected from novelty-induced (and possibly curiosity-induced) 

tonic dopaminergic firing. 
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1.4.2 Summary of Methods 

 The current work consists of three experiments that aim to examine the role of novelty 

and curiosity in the consolidation of subsequently encoded memories. In the first experiment, 

participants were presented with novel or familiar scenes before studying a word list, and 

memory was tested before and after a delay containing either sleep or wakefulness. In the 

second, subjects learned a set of paired associates either in the lab (a novel environment) or their 

own home (a familiar environment) and were tested 24 hours later on their memory for these 

word pairs. Finally, in the last study, subjects rated their curiosity for several trivia questions, 

learned the answers and incidental faces, and were tested on their memory for these answers and 

faces after a period of sleep or wakefulness. While the first two experiments aimed to assess how 

sleep may help consolidate novelty-based memories, the lattermost examined how curiosity-

driven memory enhancement may be differentially impacted by periods of sleep or wakefulness. 

 

1.4.3 Summary of Predictions 

 In all of these experiments, we hypothesized that the memory benefits conferred by 

exposure to novelty or the induction of curiosity would be either enhanced by, protected by, or 

reliant on sleep-dependent consolidation processes. More specifically, in the first experiment we 

expected to see that words learned after exposure to novelty would be remembered better than 

words learned after exposure to familiarity, and that this difference would be greater or only seen 

after a period of sleep. In the second experiment, we predicted that paired associate retention 

would be greatest if pairs were initially learned in a novel environment, and that this effect 

would be greatest if a period of sleep was allowed in the interim between learning and test. In the 

final experiment, we hypothesized that memory for the answers to the most curiosity-inducing 
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questions (as well as their associated faces) would be greatest, and that this memory 

enhancement would be enhanced by, or reliant on, sleep in the delay between encoding and 

memory test. Finally, we used polysomnography and measures of eye blink rate (a putative 

measure of endogenous dopamine production) in the curiosity study, and we predicted that SWS, 

total sleep time, spindle activity, and blink rate would be correlated with curiosity-induced 

memory benefits.     

 

2. Experiment 1 

2.1 Methods 

2.1.1 Participants 

Participants were recruited from the undergraduate population at the University of 

Arizona through the Sona Systems experiment participation website. At the onset of 

participation, all 66 participants were screened for sleep problems, psychiatric disorders, 

psychiatric medication use, and history of traumatic brain injury. After completion of the study, 

nine participants were excluded from all analyses due to regular use of prescription psychiatric 

medication, history of diagnosed psychiatric disorders, or being under eighteen years old. 

Additionally, eight participants failed to complete all parts of the experiment, and as such none 

of their results were included in analysis. 

 The remaining 49 participants who completed the study (18 male, 31 female) ranged 

from 18-24 years old (M = 18.92). Due to the linguistic nature of the memory task, all 

participants were required to be native English speakers. As compensation, all who participated 

were given credits to fulfill course requirements for classes in the University of Arizona 

Psychology Department. 
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2.1.2 Stimuli 

 The scenes chosen for use in the study were 84 images drawn from the International 

Affective Picture System (IAPS) database, half of which were indoor scenes and half of which 

were outdoor scenes. With the exception of scenes used in the emotional-scene control condition, 

all scenes scored medium in valence and low in arousal, and all included scenes with a full 

environment (as opposed to images of solely objects or objects with indiscriminate 

backgrounds). All words used in the memory task were nouns (half living and half nonliving) 

that were normalized for length, frequency of use, and (like the images) scored medium in 

emotional valence and low in arousal so as to avoid unintended emotional effects of the words 

themselves. 

 

2.1.3 Apparatus 

 All words and scenes were presented on a desktop computer monitor using E-Prime 

software, which was also used to collect responses during the study and testing phases via 

keyboard input.  

 

2.1.4 Design 

The experiment consisted of two different sessions in the lab spread across multiple days. 

In the first session, which was roughly 90 minutes long, participants were familiarized with all 

tested words (so as to avoid novelty effects of the test material itself) as well as some of the 

scenes (to create a set of “familiar” scenes for the familiar-scene group to view). The second 

session, which was roughly 3 hours long, began with a control learning condition for all subjects 
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and an immediate memory test. This was followed by placement of participants into groups 

(sleep/novel, sleep/familiar, wake/novel, or wake/familiar), presentation of scenes (novel or 

familiar), a second learning task, a 90-minute delay (containing sleep or wake), and a final 

memory test. 

Because of the use of a nap paradigm, it was important to make sure sleep group 

participants were undergoing sleep that wasn’t likely to predominately contain only one type of 

sleep stage. Because REM sleep is more prevalent in morning naps, and because evening sleep is 

rich in slow wave sleep, controlling for time of day was chosen as the best way to attempt to 

normalize sleep architecture across participants. Previous studies (Mednick, Cai, Kanady, & 

Drummond, 2008; Mednick, Nakayama, & Stickgold, 2003) have shown that 90-minute naps 

beginning at roughly 1:00PM or 2:00PM contain a mix of Stage 1, Stage 2, SWS, and REM. The 

paradigm used in the current study involves about 90 minutes of learning and testing prior to the 

delay, so all subjects arrived at the lab at 12:00PM and began the delay at roughly 1:30PM. 

 

2.1.5 Procedure 

Familiarization. On the first session of the study, the participants were informed of the 

risks and benefits of the study and gave consent to participate to an approved researcher.  

Participants read and signed the consent form which overtly stated that participation was 

voluntary and they could withdraw at any point without any penalty. This was verbally reiterated 

to the participants. 

The participants then began the familiarization portion of the experiment, in which all 

testing materials (i.e. words) were viewed to neutralize the novelty effect of the test material 

itself. A list of all 560 words used in the study (including words that would later be considered 
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lures) was presented on a computer screen one at a time, and each word was presented for one 

second with two seconds between words. As each word was presented, participants were asked 

to indicate whether the word was a living thing or a nonliving thing by pressing one of two 

buttons on a keyboard, which was done to make sure that the words were attended to.  

After performing the task with the words, participants filled out both the “state” and 

“trait” versions of the state-trait anxiety inventory (STAI) to measure their level of immediate 

and general anxiety. After filling out the STAI, all participants viewed a series of twelve 

emotionally negative IAPS scenes; this was done to familiarize those who would later end up in 

the emotional-scene condition with a set of emotionally negative (but familiar) images. These 

scenes were presented one at a time in randomized order for three seconds each, with two 

seconds between each, and each image was repeated 20 times. To ensure sustained attention, 

participants were asked to indicate whether each scene took place in an indoor or outdoor 

environment as it was presented. The participants then once again completed the “state” version 

of the STAI. This measure was used as a proxy for arousal; an increase in scores from the first to 

the second would confirm that the negative IAPS images were having their intended effect of 

increasing arousal. Finally, each participant viewed a series of twelve neutral scenes, again 

indicating whether each scene took place in an indoor or outdoor setting. This was done to create 

a subset of neutral familiar images for those who would later be in the familiar-scene group. The 

procedure and presentation times for this task were identical to those of the emotional scenes.  

Learning and immediate test. In the next session, all subjects started the control 

condition by viewing a subset of four of the neutral scenes they had seen the day before (i.e. 

familiar scenes). Each scene was viewed fifteen times for three seconds each, with two seconds 
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between each presentation. Again, participants were asked to make indoor/outdoor judgments for 

each scene. 

After this, participants were shown a set of 160 words (List 1), and they were told that 

they would be tested for their memory of this list later. They were asked to again make 

living/nonliving judgments for each word, and each word was again presented for one second 

with two seconds between each word. Immediately after viewing the word list, participants were 

presented with a test list consisting of 160 words, half of which were on the just-studied List 1, 

and half of which were lures. Participants were tested on their memory for the list using the 

remember/know procedure: in this procedure, participants are asked to indicate whether they 

have a clear memory of seeing the word in the recently studied list (“remember”), know they saw 

the word in the recently studied list but have no clear recollection of seeing it (“know”), or do 

not believe they saw the word in the recently studied list (“new”). Each word was presented for 

one second, with three seconds between words. 

Before moving on to the novelty manipulation (the viewing of either novel or familiar 

scenes), each participant was asked to draw a picture of their home for ten minutes. This was 

done to temporally dissociate learning/testing of the control word list (List 1) from the 

subsequent presentation of scenes. Fenker et al. (2008) found that the consolidation of words 

studied just prior to novel scenes was strengthened retroactively, so we hoped to avoid this 

barrier to within-subjects comparisons by allowing for more time between control and 

manipulation conditions. The home-drawing task was chosen because it was an engaging task 

that did not involve exposure to any novel external stimuli.     

After time was up for the drawing task, participants were semi-randomly divided into two 

context groups: familiar-scene and novel-scene. (Nobody was placed in the aforementioned 
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emotional-scene control group, since no novelty affects were found after analysis of the familiar-

scene and novel-scene participants.) Those participants in the novel-scene group viewed a series 

of 60 distinct scenes that were completely new to them, whereas those in the familiar-scene 

group viewed a series of four emotionally neutral familiar scenes (i.e. scenes they had seen 

during the first testing session), and each scene was repeated fifteen times. Each image was 

viewed for three seconds each, with two seconds in between each image. 

After this task was complete, all participants viewed a series of four neutral familiar 

scenes that were repeated fifteen times each. This was done to help minimize differences in 

general arousal across groups during the upcoming word learning task, helping to isolate prior 

novelty exposure as the explanation for any group differences. As with the other images, these 

were viewed for three seconds each, with two seconds in between each image. 

Following this, participants viewed a second study list of 160 words (List 2). Again, they 

were told that they would be tested for their memory of this list, they were asked to make 

living/nonliving judgments, and the timing of the task was identical to the learning of the control 

list (List 1). Participants were then immediately tested on a list comprised of 80 lures and 80 

words that were in List 2. The procedure and timing was identical to that of the prior control 

memory test. 

Delay and delayed test. Immediately following the learning and testing of List 2, 

participants were placed into either the sleep group or a wake group. The sleep group was 

allowed to sleep in a bed in the lab for 90 minutes, whereas the wake group watched a DVD of 

their choice from one of three lighthearted television shows (Arrested Development, The Office, 

and Adventure Time) in the lab for that period of time. Those in the sleep group were not  
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monitored by polysomnography or any other physiological measure, but self-reports indicated 

that all of the subjects slept during that time. 

After the 90-minute delay was over, participants were again asked to draw a picture of 

their home for ten minutes. This allowed subjects in the sleep condition to overcome their sleep 

inertia before beginning the next part of the experiment, and wake subjects participated in this 

task as well to equalize the amount of time between learning and test across groups. In the final 

segment of the procedure, participants were tested on their memory for words encountered 

earlier in the session. The procedure was the same as the previous two tests, except that the test 

list consisted of the remaining 80 untested words from List 1, the 80 untested words from List 2, 

and 80 lures. After completing this final memory task, participants were debriefed and dismissed 

from the lab. 
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2.1.6 Calculation of Recollection and Familiarity Estimates 

Because the remember/know paradigm allows for two different but exclusive positive 

responses to recognized material, the calculation of the resulting memory score is inherently less 

straightforward than other types of memory tests that require only a binary “old” or “new” 

response. To account for this, two separate memory scores were calculated to reflect two 

different processes: that of familiarity (F) and that of recollection (R). Here, we are working 

under the assumption of a dual-process model of memory, in which recollection and familiarity 

represent two fundamentally different types of memory: recollection simply requires that the 

recognition of the memory reaches a threshold, whereas familiarity works under a signal-

detection model (Yonelinas & Jacoby, 1995; Yonelinas, Dobbins, Szymanski, Dhaliwal, & King, 

1996). In this model, the probability that an old item will be recognized as old can be represented 

with the following equation 

P = R + (1 – R) (F > c), 

where P is overall hit rate, R is recollection, F is familiarity, and c is a response criterion for 

detecting familiarity. That is, the rate at which items will correctly be recognized as old equals 

the recollection rate (R), plus the proportion of unrecollected items (1 – R) times the proportion 

of items that are above the response criterion for familiarity (F > c). 

Recollection scores can be calculated rather simply, given that participants followed the 

instructions to say “remember” only when they have a distinct recollection of the material: the 

proportion of remember hits minus the proportion of remember false alarms (R – RFA) will give 

the recollection estimate (RE), or the number of responses that were above the threshold of 

recollection. However, since familiarity is assumed to be a signal-detection process, a d’ must be 

calculated for the familiarity estimate (FE). Because know and remember responses are mutually 
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exclusive, simply using know hits and know false alarms (KFA) will necessarily underestimate 

familiarity. Instead, the above equation can be solved for familiarity: 

(P – R) 

              (F > c) =  

(1 – R) 

Calculating this using the RE results in place of R will give a measure of familiarity 

responses (FR, or F>c) that is corrected for the possibility of remember responses during the 

task.  

As signal detection models are represented by d’, we can use this corrected FR measure 

and the total FA rate (KFA + RFA) to look up (or calculate) the resulting d’ for each subject. For 

all instances where total FA was zero, a total FA of 1/160 was used, and for all instances where 

FR was 1, an RE of 1 – (1/160) was used. This convention effectively sets upper and lower 

bounds for FR so that a d’ can be calculated, and the values are based on the assumption that had 

there been twice as many lures and old objects, at least one false alarm or correct know response 

would have occurred, respectively. 

  

2.2 Results 

The purpose of this study was to assess the effects of sleep on memory for material 

learned immediately following novelty exposure. To do this, we made between-subjects 

comparisons of those who slept and those who did not, as well as those exposed to novelty and 

those who were not. We also made within-subject comparisons between a control list of words 

(studied prior to context manipulation; “pre-context”) and a second list (studied after context 

manipulation; “post-context”), as well as between immediate and delayed memory tests. 
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2.2.1 Exclusion Due to Inattention 

Because the hypothesized results of this study were contingent on attention paid to the 

scenes during context exposure and the words during the study phases, the respective 

“indoor/outdoor” and “living/nonliving” judgments were analyzed for accuracy. Participants who 

scored below 70% on these judgments in any of the pre-encoding context exposure tasks or the 

encoding tasks themselves were deemed to have not paid sufficient attention to the presented 

material, and they were removed from further analysis. Eleven such participants were removed, 

leaving 39 total participants (8 wake/familiar, 9 wake/novel, 12 sleep/familiar, and 10 

sleep/novel). 

 

2.2.2 Recollection Estimates 

 In order to examine the relationships of interest, a 4x2 mixed ANOVA was run on the RE 

scores with the factors “sleep” (sleep and wake), “novelty exposure” (novel and familiar), “list” 

(pre-context and post-context), and “test time” (immediate and delayed tests). We expected to 

find a four-way interaction effect, such that those who both viewed novel scenes and slept would 

have better delayed test memory for post-context words beyond the additive main effects of 

those variables. However, no such interaction was found, F(1, 35) = .34, p = .56. There was a 

main effect of test time, showing an expected decrease in RE scores from immediate (M = 

53.96%) to delay test (M = 34.97%), F(1, 35) = 111.30, p < .001. Additionally, there was a 

strong interaction between list and test time, with post-context words remembered slightly better 

(M = 56.96%) than pre-context words (M = 50.96%) in the immediate test, F(1, 35) = 16.64, p < 

.001. There was no three-way interaction between these factors and novelty exposure, though, 

indicating that words from the first list were recollected better in the immediate test similarly 
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across groups. Surprisingly, there was also no main effect of sleep or novelty exposure, nor was 

there the expected interaction between sleep and test time, indicating no effect of sleep on the 

preservation of the memory over the delay. Likewise, there was no main effect of novelty nor an 

interaction between novelty and list, suggesting no novelty effect on recollection even 

immediately following encoding.  

 

2.2.3 Familiarity Estimates 

A second 4x2 ANOVA was carried out with the FE scores using the same factors. This 

test also failed to show the hypothesized four-way interaction, F(1, 35) = .31, p = .58. As with 

the RE scores, a main effect of test time was apparent, likely due to overall memory decay 

between immediate (M = .73) and delayed (M = .49) test, F(1, 35) = 12.79, p = .001. Unlike in 

the RE analysis, there was no overall interaction between list and test time on recognition, but as 

with the previous test, there was also no main effect of sleep nor the hypothesized interaction 

between sleep and test time. Interestingly, despite not showing a main effect of novelty, the FE 

scores did exhibit an interaction between novelty and list, F(1, 35) = 5.41, p < .05. However, 

contrary to our expectations with the RE scores, those in the novelty-exposure condition scored 

less on overall familiarity for post-context words (M = .47, collapsed across tests) than the 

familiarity-exposure group (M = .70), as was confirmed by a post-hoc t-test comparing List 1 

minus List 2 differences scores (collapsed across tests), t(37) = -2.74, p = .01. 
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Figure 6: Post-delay recollection and familiarity estimate means. No within group differences 

were found between lists for any group, indicating no effect of novelty. Likewise, the sleep 

groups did not perform significantly better on either measure, nor was there an interaction 

between sleep and novelty. 

 

2.3 Discussion 

The methods used in this experiment failed to support the hypothesis that sleep plays a 

beneficial or vital role in the selective enhancement of memories that have been boosted by 

exposure to novel contexts. This was true for both measures of recollection (RE) and familiarity 

(FE) using a dual-process model of recognition, suggesting that the failure to find the expected 

results was not simply due to one of the two processes. In addition to a lack of support for this 

hypothesis, the study also failed to replicate the main effects of sleep and novelty that have 

already been established by the literature, accented by the fact that participants were significantly 

more familiar with words learned immediately following familiar scenes than those following 

novel scenes. Because neither novelty nor sleep boosted memory, it is hard to conclude from this 

study whether or not there is an interaction between the two. 
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One possible reason that the effect of sleep was not found is the lack of a full night’s 

sleep, as well as an absence of even an adequate nap. As there were no physiological recordings 

to verify sleep staging, total sleep time, or the presence of sleep at all, there was no way of 

confirming any metrics regarding participant sleep beyond self-report. The nap paradigm was 

chosen for this study to avoid the circadian effects that can be associated with one group learning 

in the morning and being tested at night (and vice versa), as well as to avoid the severe proactive 

deficits on cognition that would have been brought about by totally sleep depriving one group for 

24 hours (Killgore, Grugle, Reichard, Killgore, & Balkin, 2009), but such a procedure leaves less 

room for error if a participant is aroused or not sleepy. Though several studies have shown that 

naps are beneficial to memory in a myriad of ways (Tucker & Fishbein, 2008; Gómez, Bootzin, 

& Nadel, 2006; Walker & Nishida, 2007), most control for the amount of sleep observed using 

polysomnography, actigraphy, or other similar recordings that are more reliable than self-report. 

It is possible that the lack of a main effect of sleep found in the current study is simply due to 

insufficient sleep, and future studies on this topic may benefit from including a full night of sleep 

or objective measures of sleep in the sleep condition. 

The novelty effect on recollection that was found by Fenker et al. (2008) using the exact 

same paradigm was not seen here. One potential explanation for this is that this procedure is not 

very sensitive, as the difference between viewing scenes on a computer and actually exploring or 

even simply being in a novel environment is considerable. According to the NOMAD model of 

dopaminergic learning proposed by Düzel et al. (2010), the ability to use novel information to 

think about the future and make plans is a large driver of the continued tonic dopamine release 

caused by novelty exposure. Though presenting images on a computer is much easier and more 

space efficient than participation in various real-world environments, and though such stimulus 
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presentation allows for more consistency in experience across participants, it is likely that 

experiments that allow the exploration or simulated exploration of novel environments 

(Schomaker, Bronkhorst, & Meeter, 2014; Li et al., 2003) can more easily elicit a boost in 

subsequent learning. 

Though an immediately apparent problem in our project may seem to be group size (n = 

19 for novelty, n = 20 for familiarity), these groups were still larger than in either of the 

experiments discussed in the paper by Fenker and colleagues. However, one key difference 

between our study and theirs was the participant population; while they paid 20-30 year old 

subjects €27 each to participate, our participants were (mostly freshman) undergraduates who 

completed the study to satisfy Introduction to Psychology course requirements, the alternative to 

which was writing a research paper. As such, Fenker et al.’s sample, consisting of individuals 

who proactively signed up to participate and be paid, may have been more motivated and 

interested in the experiment than our participants, who completed the study because writing a 

paper was less appealing. Given the proposed relationship between motivation and the novelty 

effect (Düzel et al., 2010), as well as the similar effect of interest/curiosity, this discrepancy in 

sample populations may have played a role. The other difference between our study and theirs 

was that our delayed test occurred on the same lab visit after the 90 minute delay, resulting in a 

nearly three hour long stay in the lab on Session 2. Such an extended stay may have led to 

boredom and fatigue and exacerbated the already relatively unmotivated nature of our 

participants – that so many participants had to be excluded due to inattention is evidence that this 

may be the case. Regardless, further attempts to replicate the findings of this group with this 

paradigm are warranted, as the effect appears to at the very least be sensitive to slight 

experimental changes. 
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The most unexpected finding of this study was that familiarity estimates were higher for 

List 2 words in the familiar-scene group than in the novel-scene group. Had the recollection 

estimates for the novel-scene group been higher than the familiarity-scene group, the differing 

proportions of remaining words for which know judgments could have been made might have 

explained this difference. However, RE scores for the familiar-scene group were slightly higher 

than those of the novel-scene group in nearly every test. It is most likely that this finding was due 

to random participant placement into the four relatively small groups, but the idea that exposure 

to familiar or repeated stimuli leads to increases in subsequent familiarity learning should be 

explored further. 

Because of the inconclusive nature of these findings, a second experiment was carried out 

that aimed to elicit the novelty effect by implementing a more ecologically valid manipulation of 

novel environments: encoding in a real novel environment (i.e. the lab) or a real familiar 

environment (i.e. participants’ homes). If the novelty effect could be established by this method, 

a full night of sleep would also then be included in the consolidation window as a variable. 

 

3. Experiment 2 

3.1 Methods 

3.1.1 Participants 

 Undergraduates from the University of Arizona were recruited and screened in the same 

way as in Experiment 1. Of the 47 subjects who completed the study, thirteen were excluded 

before analyses due to current psychiatric medication use or a history of psychiatric disorders, 

traumatic brain injuries, or epilepsy. The remaining 34 participants (11 males, 22 females, 1 

unknown) ranged in age from 18-22 years old (M = 18.70, SD = 0.88) and were native English 
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speakers. As with Experiment 1, all subjects were compensated with credits on the Sona Systems 

website. 

 

3.1.2 Stimuli 

 The primary stimuli used in this experiment were two lists (List 1 and List 2) of 44 

paired-associates each. Each list consisted of 44 word pairs, each of which consisted of two 

unrelated nouns (e.g. “river – hall”). Unrelated word pairs (as opposed to related word pairs such 

as “river – fish”) were used due to previous findings by Payne et al. (2012) that memory for such 

pairs was more sensitive to sleep-dependent memory effects than memory for related word pairs. 

The lists of unrelated pairs used in the current study were borrowed from Payne et al. (2012). 

 

3.1.3 Design 

 Participants in the novelty condition completed the entirety of the experiment in the lab, 

whereas participants in the familiarity condition completed the experiment in their own homes. 

During the first session of the study, participants learned a list of paired associates to criterion. In 

the second session, 24 hours later, participants were tested on their memory for the paired 

associates. All training and testing took place in the same context and was administered by the 

same experimenter for each participant so as to avoid differences due to context effects. 

 Due to the nature of the experiment, participants could not be randomly assigned to 

groups. When participants signed up to take part in the study, they chose whether they would 

participate in the at-home or in-lab version of the experiment. As such, group condition was self-

selected, though we have no reason to believe that such self-selection impacted the results in any 

way. 
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3.1.4 Procedure 

 Encoding session. Before the start of the experiment, familiarity (i.e. at-home) 

participants (n = 14) were asked to secure a private and quiet place in their home or dormitory to 

engage in the task with the experimenter for both sessions. Novelty subjects (n = 20), on the 

other hand, were simply instructed to arrive at the lab at the designated time. 

 At the start of the encoding session, participants completed a consent form and filled out 

a screening form, a copy of both versions of the state-trait anxiety inventory (STAI), and the 

Stanford Sleepiness Scale (SSS). Immediately afterward, encoding of the paired associates 

began. Participants were instructed to listen to each word pair as it was read aloud and were 

informed that they would then be tested on their memory for these pairs. The experimenter read 

the list aloud at a rate of one pair every five seconds (resulting in a total list reading time of 3 

minutes and 40 seconds).  

 Immediately after completion of the oral list presentation, the experimenter read aloud 

the first word from each pair of the list using a retrieval list containing the same pairs in a 

randomized order, and the participant was asked to recall the word that had been previously been 

associated with each word. If fewer than 31 word pairs (i.e. less than 70% of the list) were 

recalled correctly, the encoding list was read again and the recollection test was repeated. This 

procedure continued until the criterion score of 31 word pairs was reached, at which point the 

participant was dismissed and asked to try to get at least six hours of sleep that night. Five 

participants (three in the familiarity condition, two in the novelty condition) were excluded from 

analysis due to failure to reach criterion within the time allotted for the experiment. 

Delayed test. The second session occurred in the same place 24 hours after the encoding 

session. Upon participant arrival in the lab or experimenter arrival at the home, the state version 



70 
 

of the STAI was administered, as was the SSS. After completion of these forms, retrieval for the 

word pairs was tested in the same way as in the first session using a second retrieval list of the 

word pairs in another randomized order. Retrieval was only tested once, and the participant was 

dismissed from the study upon completion of the test. 

 

3.2 Results 

Contrary to our predictions, subjects in the novelty condition actually remembered 

slightly fewer word pairs at delayed test (M = 24.61, SD = 6.01) than those in the familiarity 

condition (M = 25.64, SD = 3.70), though this difference was not statistically significant, t(27) = 

.51, p = .62. Likewise, the trials taken to reach criterion at encoding were slightly higher for the 

novelty condition (M = 3.89, S = 1.19) than for the familiarity condition (M = 3.27, SD = 1.28), 

t(27) = -1.29, p = .21, and the number of pairs forgotten between the last trial of the encoding 

session and the delayed test was higher for the novelty group (M = 7.39, SD = 5.44) than for the 

familiarity group (M = 5.00, SD = 3.13), t(27) = 1.32, p = .20, though neither of these differences 

were significant. Additionally, this lack of a novelty effect was unlikely to be caused by higher 

arousal due to home visits in the familiarity group or sleepiness in the novelty group, as there 

were no significant group differences in the STAI, t(27) = .23, p = .82, or the SSS, t(27) = .70, p 

= .49, at encoding. 

    

3.3 Discussion 

 Despite constructing a paradigm in which participants were learning while actually in a 

novel or familiar environment, we failed to observe a novelty effect either in ease of encoding or 

in a delayed test. Such findings are surprising, given that the novelty effect has been found to be 
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elicited merely by exposure to images of novel scenes (Fenker et al., 2008). One potential 

problem with this study was the lack of control and consistency between subjects’ homes. 

Though a lab setting is amenable to strict controls, it is difficult to ensure that a subject’s living 

space is free from distractions, agitations, or emotional associations, many of which may not 

even be observable by the experimenter. However, such a problem does little to explain our 

results, as it would be expected that such distractions would hurt performance in the familiarity 

condition and thus artificially exacerbate the novelty effect rather than dampen it. 

 Another factor to consider, as with Experiment 1, is the lack of environmental 

exploration. In most of the rodent studies examining the novelty effect (Li et al., 2003; Moncada 

& Viola, 2007), rats were allowed to physically explore the environment they were placed in. 

Likewise, the only other study that tested human participants immersed in a novel environment 

(Schomaker et al., 2014) involved the voluntary exploration of a novel virtual reality world. 

Given the predictions of the NOMAD model (Düzel et al., 2010), one may expect that the lack of 

an ability to explore a novel environment may influence the ongoing receipt of new rewarding, 

interesting, or novel stimuli, which may influence the continued tonic dopaminergic firing that 

drives further exploration and memory encoding. Such an explanation seems less likely while 

considering the Fenker et al (2008) study, which found the novelty effect despite a lack of 

environmental exploration (or immersion, for that matter), though it is worth noting that the 

novelty manipulation in that study was the presentation of 60 different novel scenes over the 

course of several minutes, which may induce a longer lasting tonic novelty response than the 

entering of one novel room. Future studies may consider allowing participants to wander or 

explore an environment prior to or during learning. 
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 Additionally, it is possible that the mere event of experimenters arriving to conduct the 

study carried with it enough novelty that the effect it elicited was comparable to that of being 

placed in a novel environment. Though the STAI was administered to measure arousal and 

account for the general emotional salience of such an event, and no difference was seen in this 

measure between groups, it cannot be entirely discounted that this type of arousal would not be 

adequately captured by a measure meant to define levels of situational anxiety. Further, if the 

tonic effect caused by novelty exposure per se is captured by the STAI, it is possible that it 

impacted the STAI scores equivalently in each group. 

 Finally, another possibility is that the criterion level set for encoding may have been too 

stringent. Because the novelty effect is dependent on the additional activations of neural 

pathways to transform short-term memory into long-term memory (or E-LTP into L-LTP), it is 

possible that the repetition of word pair lists at encoding was sufficient to achieve this in many of 

the word pairs, effectively washing out what may be a more delicate novelty effect. In fact, the 

immediate test may have been enough to reactivate traces and affect subsequent consolidation. 

An alternate approach to this method may involve a single presentation of stimuli during initial 

learning without immediate test. While this may not adequately control for the varying levels of 

attention paid by participants, it may be a more sensitive measure of observing the novelty effect. 

 Because this second experiment did not elicit the novelty effect over a 24-hour delay 

containing sleep, we did not further manipulate sleep to examine its effects on the process. 

Though it may have been possible that a novelty effect would only be present in this paradigm 

after a period of wakefulness only, such a finding seems unlikely due to the lack of a difference 

in the ease of encoding across groups and the literature demonstrating the persistence of this 

novelty effect over a delay (Fenker et al., 2008; Moncada & Viola, 2007; Schomaker et al., 
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2014). While the previous two experiments examined the effect of novel environment exposure 

on memory, we were also interested in how curiosity may influence memory consolidation, and 

how this process may be further affected by sleep. Thus, in our third experiment, we studied how 

the persistence of memory for trivia question answers and incidentally learned faces varied as a 

function of curiosity and sleep during the delay. 

 

4. Experiment 3  

4.1 Method 

4.1.1 Participants 

 Participants were recruited from the University of Arizona campus and surrounding 

Tucson area via fliers, advertisement on Facebook, and the inclusion of the experiment on the 

Sona Systems subject pool website. 116 participants completed the entirety of the experiment, 

though 26 initially recruited via the subject pool website were excluded from all analyses for not 

meeting a priori participation criteria. 

 All remaining 90 participants (60 women, 28 men, 2 unknown) had no history of 

psychiatric disorders, seizures, traumatic brain injuries, or sleep problems, and none reported 

current use of psychoactive medication. All participants included for analyses were native 

English speakers (or learned English and were immersed in an English speaking culture by the 

age of 4), had attained at least some college education, and were between the ages of 18 and 47 

(M = 21.32, SD = 4.97). At the completion of the study, participants were remunerated with 

either course credits or cash.  
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4.1.2 Stimuli 

 All stimuli used were taken from the experiment performed by Gruber, Gelman, & 

Ranganath (2014). The first set of stimuli was a list of 375 trivia questions that had been drawn 

from online trivia websites, and difficult questions were intentionally selected for inclusion in the 

list to reduce the effects of prior knowledge on learning. The questions spanned several themes 

such as science, sports, pop culture, and history to increase the likelihood that each participant 

would be able to curate a learning list that catered to their genuine interests. 

  The second set of stimuli was a series of 168 face photographs to be presented with the 

trivia answers. All faces featured emotionally neutral expressions, were Caucasian, and were 

taken against nondescript backgrounds. These faces were split into three subsets of 56 to be 

associated with high curiosity trivia questions, low curiosity trivia questions, or used as foils in 

the recognition task. The use of each subset was counterbalanced across participants. 

 

4.1.3 Apparatus 

 All task stimuli were presented on a desktop computer monitor, and stimulus presentation 

was run using the Psychophysics Toolbox (http://psychtoolbox.org) for MATLAB. 

 Overnight PSG data and blink rate EOG data were collected using a Grass-Telefactor 

Aurora EEG/PSG Amplifier System relaying output to a desktop computer running TWin 

Recording & Analysis Software. Grass gold cup electrodes and Ten20 Conductive Paste were 

used for all scalp and face electrodes in the PSG setup, whereas foam 3M Red Dot sticky gel 

electrodes were used for EKG, leg, and blink rate EOG measurement. Additional EBR 

measurement was done via recordings with a video camera on an Apple iTouch.  

 

http://psychtoolbox.org/
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4.1.4 Design 

 The experiment consisted of three primary phases: a screening phase, in which 

participants rated their curiosity for trivia questions; a learning phase, in which participants 

viewed a series of trivia questions, their answers, and random faces; and a testing phase, in 

which participants were tested on their recall for trivia question answers and recognition memory 

for faces. 

Participants were split into one of four groups prior to participation: wake, sleep, and two 

circadian control conditions. Those in the wake group (n = 21) participated in the learning and 

screening phase at roughly 9:00AM and completed the testing phase twelve hours later at 

roughly 9:00PM, whereas those in the sleep group (n = 34) did the reverse and completed the 

learning and screening phases at 9:00PM and the testing phase twelve hours later at 9:00AM. 

This design allowed for similar timeframes of memory consolidation while controlling for sleep 

or wakefulness in the interim between phases without disrupting normal circadian sleeping 

habits. 

The downfall of such a design is that learning and testing occur at different times of the 

day for both groups, so circadian influences on performance cannot be ruled out. Thus, we also 

created two control groups to account for this. The morning control group (n = 17) completed the 

screening and learning phases at roughly 9:00AM and underwent the testing phase immediately 

afterwards, and those in the evening control group (n = 18) did the same after coming in at 

9:00PM. If any potential differences in the wake and sleep group were to be due to circadian 

effects, they should also have been apparent when comparing these immediate test control 

conditions. 
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Figure 7: Design of Experiment 3. Participants in the wake condition learned in the morning and 

were tested at night, while the sleep group learned at night and were tested in the morning. Two 

circadian controls that tested immediately after learning were also included. 

 

4.1.5 Procedure 

Screening phase. On the first session of the study, participants arrived in the lab at 

roughly 9:00AM or 9:00PM, and signed consent was obtained by an approved researcher. After 

consent was given, participants began the screening portion of the experiment. During this phase, 

participants made a series of ratings to (unknowingly) create their own personalized learning list 

of 112 trivia questions, 56 of which they were not curious about and 56 they were curious about. 

Trivia questions pulled from the set of 375 appeared on the computer screen one at a time in a 

randomized order. After each question, the participant was instructed to rate how likely it was 

that they knew the answer on a 1 to 6 scale, with 1 meaning “I am confident I do not know the 

answer” and 6 meaning “I am confident I know the answer”. After making this rating, 

participants were asked to make a second rating on a 1 to 6 scale, this time indicating how 

curious they were about learning the answer, with 1 meaning “I am not at all interested in 
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learning the answer” and 6 meaning “I am very much interested in learning the answer.” 

Participants were asked to use the whole range of 1-6 keys to give as accurate responses as 

possible for each rating. 

This task continued until the participant had rated 56 questions as evoking high interest 

(ratings of 4, 5, or 6) and 56 as evoking low interest (ratings of 1, 2, or 3), none of which 

received a rating of 6 on the confidence rating of prior knowledge. These 112 questions went on 

to serve as an individualized learning list for that participant. If the participant exhausted our list 

of 375 questions without categorizing 50 into each group (i.e. if a participant was biased toward 

one end of the curiosity rating scale and/or rated a large number of questions as 6 on the scale of 

confidence in prior knowledge), the experiment halted and the participant was debriefed and 

dismissed. 

Learning phase. Once each participant completed the screening phase of the experiment, 

they immediately began the learning task. In this procedure, each of the 112 questions in a 

participant’s learning list were presented on the screen individually and in random order for four  

seconds each. The presentation of each question was followed by a fixation point for one second, 

the presentation of a random face for two seconds, a fixation point for seven seconds, and then 

the answer to the question for one second. (The timing of this paradigm differs from that of the 

original Gruber et al. (2014) study, in which 4 seconds of fixation were presented before and 

after each face. This change was made based on recommendations from that group that it had 

been found to increase the curiosity effect.) Participants were instructed to read each question, 

view each face, determine whether or not that person could help them answer the question, and 

make a yes or no rating before viewing the answer. These ratings were not recorded, as these 
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instructions served only to ensure participant engagement and attention to the stimuli. This task 

was complete once all 112 questions and their associated faces and answers were presented.  

After the learning phase, participants filled out a screening/demographics form as well as 

a Stanford Sleepiness Scale (SSS). Participants in the wake group were then dismissed and asked 

to continue to avoid caffeine throughout the day and avoid taking any naps. Participants in the 

sleep group were dismissed at this point as well. If they were staying in the lab for recording, 

they got ready for bed and immediately began PSG hookup, and went to bed at roughly 

12:00AM. Those who did not stay in the lab were instructed to try to get at least six hours of 

sleep and avoid caffeine before coming back in. All participants in the circadian control 

condition began the testing phase immediately after filling out the forms. 

Testing phase. Participants in the wake and sleep groups returned to the lab 12 hours 

later for the testing phase, and before completing this portion of the experiment, these  

participants filled out another SSS. The first part of the testing phase was the self-paced face  

recognition task, in which 168 faces were presented on the screen individually and the  

participant was asked to determine whether or not they had seen the face in the learning phase. 

Of these 168 faces, 56 had been previously presented with trivia questions rated high for 

curiosity, 56 had been shown with questions rated low for curiosity, and 56 were novel lures. All 

faces were presented in random order for the face recognition task. Participants were instructed 

to make a rating on a 1 to 4 memory confidence scale for each face (1 = “I am confident I have 

not seen them before,” 2 = “I think I have not seen them before,” 3 = “I think I have seen them 

before,” and 4 = “I am confident that I have seen them before.”) Immediately after receiving  
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Figure 8: Curiosity rating and encoding procedure. Participants were presented with each 
question for 6 seconds and then rated how confident they were that they knew the answer and 

how curious they were about the answer. Once 50 high curiosity and 50 low curiosity ratings 

were made, participants viewed each of those 100 questions followed by a face and the 

question’s answer. Participants were asked to rate how helpful the person would be in answering 

the question to ensure that attention was paid to each face. 

 

 

 

instructions, participants were asked to recall and state what each number on the scale meant 

before initiating the task. Upon the participant making each rating, the program would 

automatically and immediately move on to the next face. Due to technical errors in the program 

or participant failure to comply with instructions, data from five participants (1 sleep, 1 wake, 2 

morning, 1 evening) was not collected on this measure, and all analyses mentioned were 

performed on all remaining data (n = 85). 
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Once the face recognition task was complete, the trivia answer recall test began. The 

researcher presented the participant with a Microsoft Excel spreadsheet containing the 112 

questions they had seen in the learning phase, and the participant was instructed to type the 

answers to as many questions as they could in the adjacent column without guessing. If the 

participant was not finished within 20 minutes, the researcher ended this part of the experiment.  

Immediately after the recall task was completed, the participant was debriefed, 

compensated, and dismissed from the lab.  

Measurement of eye blink rate. For several decades, individual differences in resting 

eye blink rate (EBR) have been found to be associated with dopaminergic functioning (for a 

review, see Jongkees & Colzato, 2016). Pharmacological and neuroscientific manipulations in 

animals have demonstrated a causal relationship between EBR and dopamine activity, and 

studies in those with Parkinson’s disease and schizophrenia – disorders of the dopaminergic 

system – have revealed relationships as well. Critically, EBR has been found to be a predictor of 

healthy human performance in cognitive tasks associated with dopaminergic functioning such as 

reinforcement learning, inhibition of novelty bias, and cognitive flexibility (Dreisbach et al., 

2005; Pas, Custers, Bijleveld, & Vink, 2014; Zhang et al., 2015). As such, EBR may be a useful 

and easy tool for predicting the effects of dopamine on memory, and we predicted that a higher 

resting EBR would be associated with an increase in dopaminergic availability and a resultant 

facilitation of the curiosity effect by enhancement of high curiosity stimuli. 

56 participants (22 sleep, 13 wake, 10 morning, and 11 evening) underwent a 

measurement of resting eye blink rate during the same visit to the lab as the screening and 

learning phase. We used two methods to assess eye blink rate: electrooculography (EOG) and 

video camera recordings. The EOG reading was recorded on a single channel in which a single 
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electrode above the left eye was referenced against a single electrode below the same eye 

(resulting in large, obvious spikes in the reading when blinks occurred). Participants sat on the 

edge of a bed in the lab and were asked to simply keep their eye fixated on a camera that was 

placed roughly three feet in front of them. The researchers told the participant they could relax, 

but instructed them to try to avoid looking around, fidgeting, or touching the electrodes, and no 

reference was made towards blinking unless the participant explicitly asked if they were allowed 

to do so. Participants were then left alone, and a five-minute recording was taken of their resting 

blink rate. 

Most participants’ EBR was recorded immediately after signing their consent form, 

though due to space and time constraints in the lab, several participants underwent this procedure 

immediately following the learning task (in the wake and sleep group) or following the test phase 

(in the circadian control groups). Thus, all participants still completed the EBR procedure on the 

same visit as (and within two hours of) the learning phase, the point at which we believe 

dopamine has the most influence on the curiosity effect. 

Polysomnography. 23 participants in the sleep group remained in the lab for overnight 

polysomnography (PSG) recordings. Immediately following the learning phase and the 

completion of the SSS and demographics/screening form, the participant prepared for bed, and 

once ready, underwent PSG measurement and application at about 10:30PM. Scalp electrodes for 

electroencephalography (EEG) were placed according to the International 10-20 system at sites 

Fp1, Fp2, F1, Fz, F2, C3, Cz, C4, Pz, O1, and O2, with a ground electrode at Fpz and reference 

electrodes on each mastoid and CPz. Two additional electrodes for overnight EOG were placed 

on the periphery of the eyes, and two electrodes were placed on the chin for electromyography 

(EMG), as were one on each tibialis anterior (just outside the shins). Electrocardiogram (EKG) 
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electrodes were placed under the right clavicle and above the left hip, and several respiratory 

measures were applied: a nasal cannula measuring airway pressure, a nasal thermistor, two 

respiratory belts around the abdomen and upper chest, and a pulse oximeter worn on the index 

finger of the non-dominant hand.  

PSG measurement and application typically took approximately 90 minutes, and the 

average time for lights out was at 12:15AM (SD = 21.46 minutes) (earliest lights out was 

11:45PM, latest was 12:59AM). Before lights out, impedances were checked and biocalibrations 

were performed. All participants were then given 8 hours of sleep opportunity before lights on, 

and with the exception of one participant who could not fall back asleep after just under seven 

hours, all participants remained in bed until the completion of the eight hours. (In one case, 

polysomnography data collection was halted for a period of 30 minutes due to the acquisition 

computer exceeding storage capacity, and all analyses of that participant treat those 30 minutes 

as a period of wakefulness.) The testing phase for overnight participants began no earlier than 

8:45AM, regardless of rise time.  

 

4.2 Results 

4.2.1 Interaction Between Group and Curiosity 

Trivia answers. To evaluate our primary question of whether or not sleep influenced the 

curiosity effect on memory for trivia answers, we used the data from the sleep and wake groups 

to run a 2x4 mixed ANOVA with curiosity (high or low) as the within-subjects variable and 

group (sleep, wake, AM, or PM) as a between subjects variable (Figure 9). No interaction was 

found between the two variables, F(3,86) = 1.19, p = .32, indicating that there was no difference 

in the curiosity effect between groups. Likewise, there was no main effect of group, F(3,86) = 
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0.24, p = .87, indicating no difference between the sleep, wake, AM, and PM groups on trivia 

answer recall. However, there was a main effect of curiosity, F(1,86) = 117.27, p < .001, 

meaning that answers to high curiosity questions were recalled better (M = 51.38%, SD = 

18.70%) than answers to low curiosity questions (M = 36.80%, SD = 17.54%).  

Faces. This same analysis was also run on the corrected recognition scores (hits – false 

alarms) for faces, collapsed across memory confidence ratings (Figure 10). Again, no interaction 

was found between curiosity and group, F(3, 81) = 1.54, p = .21, nor was there a main effect of 

group, F(3,81) = 1.04, p = .38. However, there was once again a main effect of curiosity, F(1,81) 

= 6.79, p < .05, indicating a significant but small memory benefit for faces associated with high 

curiosity questions (M = 42.48%, SD = 16.86%) when compared with those associated with low 

curiosity questions (M = 39.64%, SD = 19.32%).  

 

4.2.2 Post Hoc Analyses 

Post hoc comparisons were performed to examine whether or not the curiosity effect was 

seen within each group. These paired sample t-tests confirmed that high curiosity answers were 

remembered better than low-curiosity answers within each of the 4 groups (highest p < .001, 

lowest t = 4.68). To account for error associated with these multiple comparisons, a Bonferroni-

corrected alpha of .0125 was calculated (.05 / 4 = .0125), a standard met by each of the four 

within-groups analyses.  Interestingly, similar post hoc within group analyses of facial memory 

for the four conditions revealed no curiosity effects within any of the groups except for in the 

wake group, t(19) = 2.73, p = .013, such that high curiosity faces were recognized better (M = 

44.11%, SD = 14.07%) than low curiosity faces (M = 38.39%, SD = 15.39%). However, this test 

did not survive family-wise corrections under the corrected alpha of .0125. 
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Figure 9: Trivia answer recollection as a proportion of total answers learned. Each group 

demonstrated a strong significant effect of curiosity, though there were no between group effects 

of sleep or circadian rhythm. (Three asterisks indicate p < .001.) 

 

Figure 10: Face recognition as a proportion of total faces learned. Though no individual group 

showed a difference in memory for high and low curiosity faces, there was a significant overall 

curiosity effect. No sleep or circadian effects were found. 
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4.2.3 Consolidation Effects  

 Trivia answers. Due to the absence of an overall curiosity effect for faces in the 

immediate test conditions despite its presence in the 12 hour delay conditions, we asked whether 

or not there was an interaction between consolidation time and this effect. One final set of 

ANOVAs were calculated, this time with delay as the between subjects variable (immediate or 

delay) and curiosity as the within subjects factor (high or low). For trivia answers, no significant 

interaction was seen between immediate and delayed tests, F(1,88) = 3.03, p = .09, nor was there 

a main effect of delay, F(1,88) = 0.35, p = 0.56. The main curiosity effect, however, was once 

again apparent in this analysis of all subjects, F(1,88) = 123.76, p <.001, indicating much better 

memory for high curiosity questions (M = 51.38%, SD = 18.70%) than low (M = 36.80%, SD = 

17.54%).  

 Faces. Similar results were produced by the ANOVA with face recognition data. No 

interaction was seen between delay and curiosity, F(1,83) = 2.54, p = .12, and no main effect of 

delay was found, F(1,83) = 1.87, p = .18. However, the small but significant main effect of 

curiosity on faces was seen once more when all data were analyzed, F(1,83) = 5.88, p < .05, with 

faces presented with high curiosity again remembered better (M = 42.48%, SD = 16.86%) than 

those learned with low curiosity questions (M = 39.64%, SD = 19.32%). 

  

4.2.4 Sleep Variables 

To assess each sleep variable’s relationship with memory outcomes, we analyzed the 

relationship each had with high curiosity and low curiosity memory scores separately. We thus 

defined these as two families for purposes of analysis for each sleep variable, and using the 

Bonferroni corrections for multiple comparisons, alpha = .05/2 = .025.  
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 Slow wave sleep. Because we predicted a role of SWS on the curiosity memory effect, 

correlations were run between the time spent in SWS (Stage N3) and memory scores for subjects 

who underwent PSG measurement (n = 23 for answer recall; n = 22 for face recognition). For 

trivia answers, there was no significant correlation between SWS time and memory for high 

curiosity answers, r = .26, p = .24, or memory for low curiosity answers, r = .22, p = .31. 

Analysis of recognition memory for faces likewise revealed no relationships to SWS, as there 

was no correlation between time spent in N3 and memory for high curiosity faces, r = -.33, p = 

.13, or low curiosity faces, r = -.16, p = .49.  

 Total sleep time. Additional correlations between total sleep time (TST) and memory 

performance yielded similar results: there was no effect of TST on memory for low curiosity 

answers, r = .05, p = .81, or high curiosity answers, r = .13, p = .56. Likewise, no relationship 

was found between TST and facial recognition for high curiosity faces, r = .29, p = .19, or low 

curiosity faces, r = .21, p = .35. These results corroborate the lack of a difference found between 

wake and sleep groups by further suggesting no general role of sleep on memory for this material 

or the preservation of the curiosity effect. 

 N2 and REM. Post hoc analyses were also performed on stages N2 and REM to examine 

their relationship to memory performance. Surprisingly, time spent in stage N2 was correlated 

with memory for high curiosity faces, r = .43, p  = .049 (Figure 11), though this relationship was 

not seen between N2 and low curiosity faces r = .29, p = .19. However, it should be noted that 

this result does not withstand Bonferroni corrections for family-wise error rate under a corrected 

alpha of .025. This relationship between N2 and high curiosity faces did not translate to a 

relationship between N2 and high curiosity trivia answers, r = .12, p = .58, or low curiosity 

answers, r = .06, p = .79.  
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Additionally, though REM duration showed no significant relationship with high 

curiosity trivia answers, r = -.37, p = .08, REM was found to be strongly negatively associated 

with low curiosity answers, r = -.42, p = .047 (Figure 12). Like the N2 finding, however, this 

result is not significant under an alpha of .025 following Bonferroni corrections for family-wise  

error. Unlike with N2, there was no relationship between REM and facial recognition for high 

curiosity faces, r = .22, p = .33, nor was REM associated with low curiosity facial memory, r = 

.03, p = .89. Though neither of these findings were included in our a priori predictions, they are 

worth noting and considering for further investigation in light of the current literature.  

Figure 11: Time in N2 is related to recognition of faces presented with high curiosity faces. (This 

correlation does not withstand family-wise error corrections.) 
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Figure 12: Increased time spent in REM predicts worse recall for low curiosity trivia answers. 
(This correlation does not withstand corrections for family-wise-error.) 

 

 

4.2.5 Eye Blink Rate 

 

 Circadian rhythm. As prior literature has shown circadian differences in resting EBR 

(Barbato et al., 2000), we first examined whether or not such differences existed in our sample. 

To do so, EBR means were compared between subjects whose EBR was measured in the 

morning (i.e. wake subjects and morning controls, n = 23) and those whose EBR was assessed in 

the evening (i.e. sleep subjects and evening controls, n = 33). No difference was found between 

groups, t(54) = -.32, p = .75, indicating that any relationships found with EBR would be unlikely 

to be due to circadian confounds. 

Memory. Additional correlations were calculated for EBR and memory performance for 

the subset of subjects who underwent the EBR procedure (n = 56 for answers; n = 53 for faces), 

as we had predicted that increased resting EBR would indicate higher levels of dopamine  
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Figure 13: EBR exhibits a positive relationship only with memory for low curiosity faces. 

 

production and thus a greater facilitation specifically of dopamine-enhanced LTP induction and 

memory consolidation.  

Analyses of trivia answer memory revealed no relationship between EBR and high 

curiosity answers, r = .01, p = .95, or low curiosity answers, r = -.09, p = .52. Interestingly, 

however, there was a significant positive relationship between EBR and memory for low 

curiosity faces, r = .33, p = .02 (Figure 13), whereas there was no such significant relationship 

with high curiosity face memory, r = .18, p = .21. In this case, the relationship between EBR and 

low curiosity face memory remains significant under an alpha criterion of .025 after family-wise 

error correction. 
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4.2.6 Subjective sleepiness.  

Encoding. Though comparisons between the circadian control groups indicated no 

overall difference in scores between times of day, we wanted to ensure that there was no impact 

of self-reported sleepiness (as measured by the SSS) on memory. The SSS scores were analyzed 

according to when the scales were completed: at learning (SSSL) or at test (SSST). (For the 

immediate control conditions, only one SSS was completed, so these two variables are equal). 

SSSL negatively predicted memory for high curiosity faces, r = -.27, p < .05, and low curiosity 

faces, r = -.22, p < .05, indicating that higher sleepiness at learning was related to worse later 

memory for these stimuli (though the association with low curiosity faces does not survive 

Bonferroni corrections for family-wise error). Low curiosity answer recall was also significantly 

negatively associated with SSSL, r = -.25, p < .05, though this was not the case for high curiosity 

answers, r = -.14, p = .20. However, a between groups comparison between SSSL scores of those 

who learned in the morning (i.e. the wake and morning groups, n = 37) (M = 3.59, SD = 1.21) 

and those who learned at night (i.e. the sleep and evening groups, n = 51) (M = 4.20, SD = 1.34) 

showed no significant difference between groups, t(86) = -2.16, p = .31, indicating that 

circadian-driven differences in subjective sleepiness did not strongly influence differences 

between our test groups. 

Test. There was also a significant negative correlation between SSST and memory for 

both high curiosity answers, r = -.31, p < .01, and low curiosity answers, r = -.28, p =.01, 

meaning that sleepiness at test impacted answer recall scores across conditions. However, like 

with the comparison between encoding times, a between groups comparison between those 

tested in the morning (i.e. the sleep and morning groups) and those who tested at night (i.e. the 
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wake and evening groups) showed no difference in SSST, t(84) = .31, p = .32, suggesting an 

absence of a circadian-driven sleepiness effect on our other between subjects comparisons. 

 

4.3 Discussion 

 The primary prediction of this study – that sleep, and in particular SWS, would interact 

with the curiosity effect by selectively strengthening high curiosity information – was not 

supported by the results. This was true for both recollection of trivia question answers and 

recognition of faces associated with them, despite the replication of an overall main effect of 

curiosity on both of these measures. Surprisingly, sleep had no main effect on memory either. 

These findings are consistent with the lack of a sleep and novelty interaction observed in 

Experiment 1, but the absence of a main effect of sleep runs counter to much prior research on 

sleep and memory. Because the curiosity effect on answers was so strong across groups, it is 

possible that this measure was not sensitive enough to be impacted by sleep’s memory benefits.  

In contrast, the curiosity effect on faces was so small that it vanished in every within 

group comparison besides the wake group (though the difference within the wake group did not 

survive family-wise error corrections). While it may be feasible to compare wake means with 

morning control group means and explain this post hoc finding as a small but selective decrease 

in low curiosity face memory over the period of wake (-1.85%), along with a simultaneous 

selective increase in high curiosity face memory (1.37%), such an explanation seems unlikely 

given the very small effects and lack of theoretical reasoning. Sampling error is a more likely 

explanation, though future within group comparisons of immediate and delayed tests ought to be 

conducted to examine this effect further. Interestingly, while the differences between the wake 

and morning group means are miniscule (< 2%), the difference between the sleep and evening 
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group means is higher, with post-sleep tests for low curiosity faces 11.07% lower and high 

curiosity faces 7.41% lower than immediate test in the evening, which could be indicative of 

differential downscaling of these memories over sleep after similar encoding conditions. 

However, these post hoc differences are not significant, and future within-subjects comparisons 

should be done to analyze changes in these types of memory over time.  

The largest discrepancy between these results and those of Gruber et al. (2014) using this 

paradigm is the lack of a curiosity effect on faces in the immediate condition, despite a sample 

size nearly twice as large. One reason for this effect may have been the time of day during which 

participants were tested. Though Gruber et al do not report the times at which participants were 

tested, it is likely that this was done during normal work hours. Our evening group was the only 

for which the mean low curiosity face recognition rate was higher than that of high curiosity face 

recognition, and though we found no significant circadian differences, it is still possible that the 

timing of the study (which occurred from 9:00PM to 11:00PM for these subjects) impacted the 

results enough to erase the previously found difference. Such an idea is supported by the joint 

findings that sleepiness at encoding impacted face memory and that sleepiness was highest in the 

evening sessions, though sleepiness was not found to impact the curiosity effect per se. 

Analyses of physiological sleep variables failed to support our hypotheses as well. 

Neither SWS nor TST accurately predicted high or low curiosity memory, a finding that is 

surprising given the literature on SWS and hippocampal memory consolidation (Rasch & Born, 

2013; Antony & Paller, 2017). This result is consistent with the between groups comparison of 

sleep and wake participants, and the relationship between these variables and memory may suffer 

for the same reasons. The curiosity effect for trivia answers is consistently strong, and a lack of 

an additional benefit from sleep may be due to a ceiling effect of the initially highly encoded 
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information. Though many studies report that information that is initially encoded more strongly 

benefits more from sleep (Hauptmann et al., 2005; Tucker & Fishbein, 2008), these studies are 

often done on rather rote or boring tasks, memory for which may be more sensitive to additional 

change. In contrast, the nature of our task means that the highly encoded (high curiosity) 

information is inherently interesting. Because of this, it is possible that participants intentionally 

attempted to remember the information for future use, ruminated upon the information after the 

session, or otherwise processed the information at encoding to the extent that further modulation 

by sleep was limited. Additionally, no attempt was made on our part to assess participants’ 

expectation of a later test, which is another factor that may have influenced encoding strength. In 

order to attain a more nuanced understanding of how these memories change between encoding 

and delayed test, within-subjects designs should be used to examine what may be the more 

difficult to detect influences of SWS and sleep in general on these types of memory. 

Interestingly, N2 demonstrated influence on memory in our post hoc analyses, though 

this relationship did not survive family-wise error corrections. N2, which we found to be 

associated specifically with memory for high curiosity faces, has begun to be more commonly 

associated with memory consolidation (Ruch et al., 2012). Because N2 is the sleep stage most 

commonly associated with sleep spindles, the next step in our analyses will involve spindle 

counts in our PSG data to see if they play a role in the curiosity effect. Spindles have recently 

been postulated to be involved in the integration of new information into existing cortical 

networks, such as the integration of a new word into an existing lexicon (Tamminen et al., 2010; 

Tamminen, Ralph, & Lewis, 2013). It may make sense, then, that spindle-rich N2 would be 

associated with material presented with interesting trivia answer questions. If one is particularly 

interested in astronomy, for instance, it is likely that they would both have a large store of 
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astronomy knowledge and would rate an astronomy-related question as high in curiosity. Any 

new information even tangentially related to this store of knowledge, then, may be primed for 

later integration. In contrast, low curiosity questions may require or inspire far less integration; 

knowledge about baseball would likely require little integration into the information stores of 

someone who rates sports questions as low curiosity, as they probably don’t know much about 

baseball to begin with. Thus, information associated with such baseball questions likely won’t be 

integrated into existing neural networks. We believe that in our future analyses, we will see 

spindle counts positively predict retention of information related to curiosity-inducing stimuli. 

Likewise, post hoc analyses showed a large negative effect of REM on memory for low 

curiosity trivia answers, though this effect also did not survive family-wise error corrections. 

This finding is particularly interesting, as neuroscientific evidence has implicated REM in the 

pruning of synapses and dendritic spines (Li, Ma, Yang, & Gan, 2017; Poe, 2017). Though much 

of the research immediately following the discovery of REM involved the study of its effects on 

memory strengthening, some have considered for a while that REM was a time for a selective 

downscaling of useless information learned throughout the day (Crick & Mitchison, 1983). Our 

initial predictions were focused on the memory bolstering impacts of SWS driving the curiosity 

effect, but it may be just as likely that the gap could be driven from the other direction via REM-

dependent disposal of uninteresting material, and this possibility should be considered further, 

especially in the context of how dopaminergic activity might protect against these effects of 

REM. 

Finally, despite the EBR data resulting in patterns contrary to what we predicted, the 

findings are promising. We had thought that an increase in EBR – indicating an increase in 

dopaminergic activity – would enhance the curiosity effect on memory by providing a greater 
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dopamine-driven benefit for high curiosity information. However, we found that EBR was 

significantly positively associated only with memory for low curiosity faces. If EBR is indeed 

accurately predicting individual differences in dopaminergic activity, it could be the case that 

higher resting dopamine levels enhance the learning of incidental memory overall, but this effect 

was only seen for low curiosity faces due to ceiling effects on high curiosity faces caused by 

phasic dopamine release. No effect of EBR was seen on the low curiosity trivia answer recall, 

however. This discrepancy may still be explained by a difference in sensitivity between the 

measures, as answer memory required recollection, and the boost afforded by dopamine may 

have been small enough that it did not exceed the potentiation necessary for free recall and could 

only be detected by a measure of recognition memory. This finding provides evidence that even 

indirect measures of dopamine production may be enough to detect its effects on memory, as 

also shown by Gruber et al.            

  

5. General Discussion 

 

 The experiments conducted in this dissertation analyzed the effects of sleep-dependent 

consolidation on the preservation of the effects of novelty- and curiosity-induced memory 

benefits that are thought to be driven by tonic dopaminergic up-regulation. Overall, the findings 

regarding the novelty effect were inconclusive, as there was a failure to replicate the novelty 

effect itself, and the study on the curiosity effect failed to find an overall impact of sleep or SWS 

on the effect as we had predicted. However, the data gleaned from the novelty studies are 

valuable insofar as they inform how to best approach future human behavioral research on this 
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topic, and the curiosity study revealed some potentially valuable insights on the relationship 

between memory and N2, REM, and eye blink rate.  

 Perhaps the largest problem encountered in this project was the failure to elicit a novelty 

effect on memory across the first two studies, blocking any conclusive analysis of sleep’s role on 

this phenomenon. Such a failure was surprising given the positive results of Fenker et al. (2008) 

who used nearly the exact same procedure as we did in Experiment 1. One potential explanation 

for this discrepancy in findings is our population pool, which consisted of undergraduates who 

may not have been as motivated as that group’s paid subjects, and this lack of motivation and 

interest may have been exacerbated by the relatively long Session 2 in the lab. Another 

explanation for our lack of novelty findings across both Experiment 1 and Experiment 2 is the 

lack of the ability to explore environments, a factor that may be necessary for the continued tonic 

up-regulation of dopaminergic firing due to novelty (Düzel et al., 2010). Additionally, in 

Experiment 2, we cannot rule out the possibility that the presence of an experimenter within 

one’s home increased general arousal levels or may have been enough to induce the novelty 

effect at encoding. Finally, the stringent encoding criteria in Experiment 2 may share part of the 

blame, as guaranteed initial encoding strength may have been enough to prevent the potentially 

sensitive effects of novelty from being seen. Future experiments seeking to elicit the novelty 

effects in humans should consider the motivation of their sample, allow for environmental 

exploration at learning and test, and use learning paradigms that are sensitive enough to allow 

novelty effects to be seen. 

 Despite the lack of novelty effect findings, we successfully replicated the curiosity effect 

on trivia answers and incidentally learned faces (Kang et al., 2009; Gruber et al., 2014). As with 

prior research, the effect on answers was more pronounced than the effect on the incidental face 
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materials, though this should be expected given the intrinsically motivating nature of the 

curiosity-inducing questions. Our findings corroborate the idea that curiosity induces a brain 

state that facilitates the storage of information in long-term memory. The biggest difference 

between our findings and those of Gruber et al. is the lack of a curiosity effect on incidentally 

learned material when analyses were constrained to the immediate test group, and this finding 

may have been due to the timing of the study: evening control subjects demonstrated slightly 

higher recognition of materials associated with low curiosity. Though multiple direct analyses of 

the circadian effect (time of encoding, time of learning, and comparison of immediate control 

groups) revealed no significant differences, this effect should be investigated further, especially 

in light of our findings that sleepiness impacts incidental material encoding and prior research 

demonstrating a circadian effect of dopamine as measured by EBR (Barbato et al., 2000). 

 In analyzing the effect of sleep in Experiments 1 and 3, we found no main effect of its 

presence in memory consolidation. Though this finding was unexpected, a few factors may have 

led to the absence of this commonly found effect. In Experiment 1, there was no guarantee that 

subjects were sleeping during the 90-minute delay beyond self-report, and such a short sleep 

opportunity lends itself to the occurrence of far less sleep than intended. However, all 

participants reported sleeping, so the simple lack of a sleep effect on memory for the recognition 

memory for words and scenes should not be entirely discounted. In Experiment 3, this lack of a 

sleep effect was more surprising, as participants obtained a full night of sleep, and this lack of a 

sleep effect was even seen in the TST records of PSG participants. Similarly, SWS did not 

exhibit any influence on memory. One possibility is that the inherently interesting material 

presented caused a ceiling effect, such that additional sleep-related changes in hippocampal 

memory could not be seen, and that this may have been further influenced by rumination or 
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expectation of a future test. Though this explanation is probably insufficient to account for the 

lack of an effect on incidentally learned materials, such memory was tested using a recognition 

procedure, a process that is thought to be less hippocampally dependent (Yonelinas et al., 2002). 

Likewise, our between subjects design may not have been adequate to assess the true change in 

memories from encoding to delayed test over wakefulness or sleep. Future investigations of these 

effects should take into consideration between-subject variability by comparing immediate and 

delayed tests within subjects. 

 Interestingly, post hoc analyses in Experiment 3 revealed relationships between memory 

and N2 and REM (though it should be noted that these relationships did not survive family-wise 

error corrections). N2 was associated with retention of materials incidentally presented with high 

curiosity answers. Apart from findings implicating N2 in memory retention in general (Ruch et 

al., 2012), N2 is also the hallmark stage for spindle activity. As spindles are thought to be 

indicative of integration of new material into cortical networks, this finding may demonstrate an 

integration of incidental information into already existing large networks of material the subjects 

find interesting. REM, on the other hand, predicted memory for low curiosity answers. This 

finding is consistent with neuroscientific evidence of synaptic and dendritic pruning during 

REM, a process theorized to be involved in the discarding of unimportant information overnight. 

Though it should be emphasized that these findings were not predicted, are the result of 

exploratory analyses, and do not withstand corrections for multiple comparisons, these effects 

are consistent with much of the previous literature, and the role of these sleep stages in the 

facilitation of curiosity (and novelty) effects should be examined in future studies. 

 Finally, our analyses of EBR revealed a positive effect only on memory for faces 

presented with low curiosity questions. This finding suggests that individual differences in 
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dopaminergic activity at encoding may influence memory encoding, and it may especially 

account for the transfer of what would otherwise be forgotten information into long-term 

memory. Such an effect could be impossible to see for high curiosity stimuli if they elicit phasic 

dopamine release regardless, whereas low salience material may be particularly sensitive to these 

individual differences in dopamine levels. Importantly, despite a large body of work 

demonstrating the relationship between EBR and various cognitive tasks in healthy humans 

(including working memory) (Jongkees & Colzato, 2016), this may be the first evidence that 

resting EBR at learning can predict later memory performance. This finding suggests that EBR 

may be an effective tool at indirectly assessing the underlying processes surrounding individual 

differences in dopaminergic memory, and this measure may prove useful as a between-subjects 

control in future research examining the effects of dopamine-dependent factors on memory 

consolidation.          

 

5.1 Conclusion 

 This project and its constituent experiments failed to demonstrate a relationship between 

overall sleep and curiosity-driven memory enhancement, though the relationship between sleep 

and novelty-dependent memory consolidation benefits remains unknown, as these studies failed 

to demonstrate the novelty effect in human memory. The failure to demonstrate this effect could 

be due to a lack of exploration, poor participant motivation, or excess encoding strength due to 

other factors such as an unintentional increase in situational salience due to experimental 

procedures. There was no effect of sleep or SWS on high or low curiosity materials across these 

experiments, though exploratory analyses revealed that N2 and REM may play integral roles in 

the integration of new high curiosity information into existing schemas and the pruning away of 
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unimportant low curiosity memories, respectively. Measurements of EBR demonstrated a 

positive relationship with memory for some materials, a finding that suggests EBR may be a 

useful indirect measure of dopaminergic increases in memory consolidation that most 

particularly benefit what would have been otherwise forgotten memories.  
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