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ABSTRACT OF THE DISSERTATION 
 

Same Wave, Different Memories: Neural mechanisms of improvement in sleep-dependent 
episodic and working memory 

by 

Jing Zhang 

Doctor of Philosophy in Cognitive Sciences 

University of California, Irvine, 2023 

Dr. Sara C. Mednick, Chair 

 

 

Sleep plays a critical role in the improvement of both episodic memory and working 

memory, with non-rapid eye movement neural oscillations, including slow oscillations (0.5-

1Hz, SO) and sleep spindles (12-15Hz), causally implicated in these processes. However, 

studies elucidating the precise mechanisms underlying these processes are needed. 

Specifically, it remains unclear how neural oscillations during sleep coordinate with 

functional changes in the brain to facilitate the maintenance of information-specific 

episodic memories, or the increases in information-general working memory. 

 The present dissertation aims to address these gaps in knowledge by investigating 

the neural mechanism underlying sleep-dependent episodic memory consolidation and 

working memory improvement.  In study 1, I investigate how sleep protects episodic 

memory against waking interference. I ask whether sleep protects memory against future 

interference or if it rescues memory after interference has already occurred. In study 2, I 

probe the role of sleep spindles underlying sleep-dependent episodic memory 

consolidation. Specifically, I present a placebo-controlled, double-blind study that 
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pharmacologically enhances sleep spindles to establish a causal role of sleep spindles and 

their temporal coupling with SOs in episodic memory consolidation. In study 3, I employ 

simultaneous EEG-fMRI to examine the neural activities associated with working memory 

as well as subsequent sleep, with a specific focus on SO as it’s a shared resource for both 

episodic and working memory.  

Together, these studies lead to a theoretical model of how the same sleep event may 

facilitate improvements across multiple cognitive domains. Specifically, SOs and it’s 

temporal coupling with sleep spindles coordinate with functional changes in specific 

memory networks to facilitate performance. 
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CHAPTER 1 Overview 
The Basics of Sleep 

Sleep is a natural and reversible physiological state characterized by reduced 
muscle activity, inhibited sensory input, and altered consciousness. Studies have shown 
that sleep supports restoration of energy in cellular, system, and behavioral level, as well as 
a range of cognitive functions, from long-term memory to executive functions. It consists of 
two parts, non-rapid eye movement (NREM) sleep and rapid-eye movement (REM) sleep. 
NREM sleep consists of stage 1, stage 2, and stage 3 (or slow wave sleep (SWS), figure 1A). 
The early part of the nocturnal sleep is dominated by SWS sleep, and REM sleep becomes 
more prevalent towards the end of the night. Stage 1 sleep is a transitional state from wake 
to sleep, making up 3% of adult nocturnal sleep.  About 60% of adult sleep is stage 2 sleep, 
which is marked by distinct electrophysiological events called sleep spindles and K-
complexes (figure 1B). SWS makes about 20% of human sleep, and it is marked by slow 
high-amplitude oscillations (<4Hz). REM sleep also makes about 20% of human sleep, and 
it is marked by sudden bursts of eye movements and wake-like fast and low-amplitude 
oscillations (theta waves 4-7Hz).  

Here, we focus on specific NREM events including sleep spindles and slow 
oscillations (SO) as they have been implicated in the memory consolidation process (Rasch 
& Born, 2013). Sleep spindles, which are hallmarks of stage 2 sleep, are sudden bursts of 
neural activities in the frequency of 11-16 Hz. Sleep spindles are thought to be generated 
from the thalamus, a key relay center in the brain that regulates the flow of sensory 
information to the cortex. Specifically, sleep spindles reflect the synchronous firing of 
thalamocortical neurons, which promotes the synchronization of cortical activity and 
facilitate memory consolidation (Fernandez & Lüthi, 2020). SOs are high-amplitude, low-
frequency oscillations (<1Hz) mostly occur during SWS. They reflect fluctuations of the 
membrane potential and orchestrate transitions from neuronal silence (hyperpolarized 
downstates) to neuronal excitation (depolarized upstates) (Maquet et al., 1997). 

One prominent theoretical framework to explain the regulation of sleep and 
wakefulness is the two-process model of sleep regulation. This model proposes the 
regulation of the timing and intensity of sleep and wakefulness is governed by the 
interaction between the circadian process and the homeostatic process. The circadian 
process (process S) is responsible for regulating the timing of sleep and wakefulness based 
on the body's internal biological clock. The homeostatic process (process C) regulates the 
need for sleep based on the duration and intensity of prior wakefulness (Borbély et al., 
2016). 
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Figure 1-1 A: Typical human sleep profile, B: Sleep related signals (Rasch & Born, 
2013) 

The Basics of Memory 
Working memory (WM), the ability to maintain and manipulate a small quantity of 

information, is essential to higher order cognition and to performance of daily activities. 
There are several different models of WM, but one of the most influential is the Baddeley 
and Hitch model, which proposes that WM consists of a central executive, which controls 
and coordinates cognitive processes, and two sub-systems: the phonological loop, which is 
involved in the temporary storage of verbal information, and the visuospatial sketchpad, 
which is involved in the temporary storage of visual and spatial information (Baddeley, 
1992). 

Forming a long-term memory involves three steps: encoding, consolidation and 
retrieval (Melton, 1963).  Encoding refers to the initial learning of information through 
sensory input, consolidation is the process of storing information for later use, and 
retrieval is the process of calling information from storage to conscious awareness (Melton, 
1963). The term consolidation is coined by Müller and Pilzecker to describe the process of 
stabilizing memories while increasing their resistance to interference (Müller & Pilzecker, 
1900). In their landmark study, two groups of participants were presented with a list of 
paired associates and were tested on their ability to recall the second word in each pair 
after a delay. The experimental group was then presented with a second list of paired 
associates, while the control group was not. The results showed that participants in the 
experimental group performed significantly worse on the second recall test compared to 
the control group, indicating that the learning of the second list interfered with the 
retention of the first list. They concluded that memories require a maturation process to 
become long‐lasting and stable (Müller & Pilzecker, 1900). Because newly learned 
information is more vulnerable to forgetting, they proposed a physiological process 
responsible for the transformation of the vulnerable memory trace into an enduring state.  

WM and long-term memory interact with each other intimately. For example, WM is 
critical in the encoding of information into long-term memory, as some of the information 
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in WM could be consolidated into long-term memory. Similarly, long-term memory can 
support WM by providing a store of knowledge and experiences that can be used to guide 
and inform ongoing cognitive processes (Baddeley, 2010).  

One prominent model of memory process is the standard two-stage memory model 
(Marr, 1971). It states that memories are first encoded into a temporary storage (fast 
learning) to ensure an efficient, albeit short-lived, learning. Over repeated rehearsal or 
reactivation of the new memories, the information is integrated in the long-term storage 
(slow learning) and becomes resistant against interference. This model has received 
empirical support in declarative memory, which refers to memory that can be consciously 
retrieved such as factual information and previous experiences (Buzsáki, 1989). 
Specifically, the temporal storage of declarative memory is associated with hippocampus 
while the long-term storage is associated with neocortex (Corkin, 2002). 

Sleep Promotes Memory 
Sleep’s role in episodic memory has been widely explored in the last century. The 

foundational work by Jenkins and Dallenbach in the early 1900 revealed that participants 
remembered more non-sensical syllables after a period of sleep compared to a period of 
wake, which the authors interpreted as sleep passively reducing interference to facilitate 
memory formation (Jenkins & Dallenbach, 1924). This finding has been replicated by later 
studies using a similar paradigm (Gais et al., 2006; Rasch & Born, 2013; Talamini et al., 
2008). Ellenbogen and colleagues investigated whether sleep passively or actively 
facilitates memory of word-pairs by introducing interference (Ellenbogen, Payne, et al., 
2006). Specifically, they trained subjects on a new word-pairs list before testing them on 
the original list. They found memory became more resistant to the negative effect of 
interference after sleep compared to wake, leading to the conclusion that sleep is an active 
processes that stabilizes or protects memories against further interference (Ellenbogen, 
Hulbert, et al., 2006). However, recent studies using a similar interference paradigm failed 
to replicate sleep’s superiority over wake in stabilizing memories (Cordi & Rasch, 2021). In 
other words, researchers reported similar memory performance after interference training 
over a period of sleep compared to wake. Therefore, Chapter 2 will investigate if sleep 
stabilizes memory against daytime interference over 24 hours and specific features 
involved. 

Over the past couple of decades, numerous studies have investigated neural 
mechanisms that may contribute to the consolidation process during sleep (Diekelmann & 
Born, 2010a; Feld & Diekelmann, 2015). Studies have shown that performance 
improvement on an episodic memory task is associated with SWS duration (Fowler et al., 
1973; Plihal & Born, 1997a). In addition, slow oscillations (SO, 0.5-1Hz) and sleep spindles 
(12-15Hz) emerged as two prominent sleep features that are associated with episodic 
memory consolidation, possibly due to their role in facilitating the communication between 
hippocampus and neocortex (Diekelmann & Born, 2010a). The active systems 
consolidation hypothesis states that during non-rapid eye movement (NREM) sleep, newly 
encoded memories are strengthened through a dialogue between the neocortex and 
hippocampus controlled by specific sleep features (Born & Wilhelm, 2012). The neocortical 
slow oscillations (SOs), with sharp wave-ripples and thalamo-cortical spindles, drive the 
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repeated reactivation of hippocampal memory representations and turn them into long-
term memories (Born & Wilhelm, 2012). 

Studies have shown that causally increasing SOs using stimulation interventions 
significantly improves declarative memory in rodents (Binder et al., 2014) and humans 
(Marshall et al., 2006; Ngo et al., 2013). In addition, Clements and colleagues (2005) found 
a positive correlation between overnight verbal memory retention and the number of 
spindles (Clemens et al., 2005) as well as spindle activity (Lustenberger et al., 2012; 
Schabus et al., 2004a). Using functional magnetic resonance imaging (fMRI), researchers 
have linked sleep spindles with functional changes in areas implicated in memory 
consolidation. In detail, spindle activity memory improvement is associated with increased 
hippocampal-cortical functional connectivity that co-occurs with spindle activity (Andrade 
et al., 2011), and that covaries with spindle amplitude (Bergmann et al., 2012). However, 
interventional studies that show causal relation between sleep spindles and episodic 
memory consolidation are scarce. Our group previously showed that pharmacologically 
increasing spindle density is associated with better memory for word-pairs after a daytime 
nap (Mednick et al., 2013). However, it remains unknown if similar results are present 
during nocturnal sleep. Based on this previous study from 2013, Chapter 3 examined the 
effect of Zolpidem, as a pharmacological intervention, on sleep spindles across a whole 
night of sleep and associated memory change. 

Interestingly, SOs have also been linked to improvement in WM. Several studies 
have found improvement in WM performance is associated with SOs in both young 
(Ferrarelli et al., 2019; Pugin et al., 2015) and older adults (Sattari et al., 2019). In a recent 
study, researchers used an acoustic stimulation to enhance SOs during nighttime sleep, and 
they found that participants with enhanced slow wave activity (<4hz) had better 
performance on a WM task compared to those without enhanced SWA (Diep et al., 2021). 
While studies have shown that SWS (including SWA and SOs) facilitates WM and SO-
spindle coupling facilitates episodic memory, the mechanism underlying this process 
remains unclear. Chapter 4 bridges this gap in knowledge by employing simultaneous EEG-
fMRI to investigate SO-induced functional changes in the brain and how they might 
contribute to WM. 
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CHAPTER 2 The Role of Sleep on Declarative Memory Consolidation: 
Stabilizing or Rescuing? 

Abstract 
Prior studies suggest a role for sleep in memory consolidation, with specific 

contributions from slow oscillations and sleep spindles (Rasch & Born, 2013). However, 
recent studies failed to replicate sleep’s superiority over wake in strengthening memory 
against interference (Cordi & Rasch, 2021). The goal of the current study is to investigate 
whether sleep protects newly formed memory from unspecific interference induced by 
daytime experiences over 24 hours, as well as to elucidate the sleep features that are 
involved. 56 healthy adults were randomly assigned to either the Sleep First or Wake First 
group. The Sleep First group encoded word pairs at night before sleep, while the Wake First 
group encoded word pairs in the morning before a day of wakefulness. Memory was tested 
30 minutes, 12 hours, and 24 hours after encoding for both groups. The Sleep First group 
performed significantly better 12 hours after encoding, replicating prior findings that 
memory is better after a period of sleep compared to wake. However, after 24 hours, the 
two groups performed similarly. The Wake First group showed a positive correlation 
between overnight memory improvement and the theta and delta band power during slow 
wave sleep, an effect not found in the Sleep First group. These correlations suggest the 
possibility that after a day of waking interference, the brain recruits extra sleep resources 
to rescue memories from further forgetting. Our results are not consistent with prior 
studies showing a significant role for sleep in stabilizing memory from future interference, 
but they may suggest that sleep rescues memories after interference has occurred. 

Introduction 
Memory consolidation refers to the process of transforming the vulnerable memory 

trace into an enduring state by increasing its resistance to interference (Müller & Pilzecker, 
1900). Since the 1920s, sleep has been implicated in this process, as Jenkins and 
Dallenbach reported that experimental subjects remembered more non-sensical syllables 
after a period of sleep compared to a period of wake, leading the authors to suggest that 
sleep passively facilitates declarative memory via reduced interference (Jenkins & 
Dallenbach, 1924). Similarly, other studies have reported that memory was superior 
following by a period of sleep compared to wake (Gais et al., 2006; Rasch & Born, 2013; 
Talamini et al., 2008). This enhancement has been reported to last up to 24 hours after 
initial learning (Benson & Feinberg, 1977). 

In the early 2000s, researchers proposed that sleep not only passively shelters 
memory from interference, but it may also actively stabilize memory against further 
interference (Ellenbogen, Hulbert, et al., 2006). In other words, memory is more resistant 
to decay from interference occurring after a period of sleep-dependent consolidation. To 
explore the question of whether sleep passively or actively contributes to declarative 
memory consolidation, researchers had subjects learn a word list with a subsequent 
retrieval test after a night of sleep or a day of wake (Ellenbogen, Hulbert, et al., 2006). 
Interference was introduced by having half the subjects learn a new word list immediately 
before retrieval of the old word list. Researchers found that retroactive interference, which 
is when new learning hinders the memory of previously learned material, was present for 
both wake and sleep, however, sleep provided more protection from interference than 
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wake. These results were interpreted to suggest that sleep actively stabilizes memories by 
making them more resistant to interference (Ellenbogen, Hulbert, et al., 2006).  

The active role of sleep in memory consolidation gained further support with the 
elucidation of neural mechanisms that directly contribute to the consolidation process 
during sleep (Diekelmann & Born, 2010a; Feld & Diekelmann, 2015). The active systems 
consolidation hypothesis states that during non-rapid eye movement (NREM) sleep, newly 
encoded memories are strengthened through a dialogue between the neocortex and 
hippocampus controlled by specific sleep features(Born & Wilhelm, 2012). The neocortical 
slow oscillations (SOs), with sharp wave-ripples and thalamo-cortical spindles, drive the 
repeated reactivation of hippocampal memory representations and turn them into long-
term memories (Born & Wilhelm, 2012). Several different interventions have 
demonstrated the causal role of SOs, sleep spindles and their coupling on hippocampal-
dependent memory consolidation, including pharmacological (Mednick et al., 2013), 
targeted memory reactivation (Antony et al., 2018; Cairney et al., 2018), and transcranial 
electrical stimulation (Latchoumane et al., 2017a; Lustenberger et al., 2016), which provide 
empirical support to the active system consolidation hypothesis. 

Even still, some studies have failed to demonstrate sleep’s superiority over wake in 
stabilizing memories (Cordi & Rasch, 2021). Specifically, using a similar paradigm by 
Ellenbogen and colleagues (2006), another group reported no differences between sleep 
and wake on protecting memories from later interference (Bailes et al., 2020), similar 
findings have been shown for a daytime nap (Pöhlchen et al., 2021). Moreover, a study 
reported retroactive interference after sleep but not sleep deprivation, further 
contradicting sleep’s role in stabilizing memories (Deliens et al., 2013). In this study, 
participants learned a list of word pairs before a night of sleep or sleep deprivation, and 
they learned an interference wordlist right before retrieval. Researchers found that 
interference significantly lowered recall after sleep but not after sleep deprivation, 
suggesting that memories become more labile, and vulnerable to interference with sleep 
(Deliens et al., 2013). Given that studies typically test sleep’s role in resilience to future 
interference, it is still an open question whether each night of sleep may serve to rescue 
memories that have occurred the previous day. Specifically, do experiences we have in the 
morning that are followed by a day of waking interference get selectively recovered during 
the subsequent night of sleep? 

The goal of the current study was to determine if sleep serves to stabilize 
(strengthen new memory against later interference) or rescue (recover previous memory 
after interference) memory over a 24-hour period. One group (Wake First) learned a list of 
word pair-associates in the morning followed by three recall tests: Test 1 (immediate), Test 
2 (delayed over a day of wake), and Test 3 (delayed over a night of sleep in the lab). 
Another group (Sleep First) learned the word-pairs at night followed by three tests: Test 1 
(immediate), Test 2 (over a night of sleep in the lab), Test 3 (delayed over a day of wake). 
We tested the hypothesis that memory performance would be greater at Test 3 in the Sleep 
First group, compared with the Wake First group, because a night of sleep immediately 
after learning would stabilize memories against daytime interference between Test 2 and 
Test 3. We also tested the hypothesis that overnight memory improvement would be 
correlated with sleep features implicated in memory consolidation for the Wake First 
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group, but not the Sleep First group, because sleep would rescue memories after a day of 
interference. 

Methods 
Subjects and study protocol 

A total of 56 subjects (age: 20.67 ± 2.52, 26 females) provided informed consent, 
which was approved by the University of California, Riverside Human Research Review 
Board. All subjects were healthy, college-aged adults without any sleep disorders. 
Participants were randomly assigned to two groups, Wake First and Sleep First. All groups 
were tested three times, with approximately 12 hours in between each test session. For the 
Wake First group, memory encoding occurred in the morning followed by 12 hours of 
wakefulness. For the Sleep First group, memory encoding occurred just before nighttime 
sleep.  

The study 
procedure is outlined in 
Figure 1. In the Wake First 
condition (n=28), 
participants reported to 
the laboratory in the 
morning. They completed 
the word paired associates 
(WPA) task encoding and 
immediate testing (Test 1) 
at around 8:30am in the 
morning. Then, 

participants left the lab to continue their day. At around 9pm in the evening, participants 
returned to the lab for a second memory testing (Test 2). Then, participants went to sleep 
in a standardized bedroom. Participants were woken up at 9am the next morning and 
provided breakfast. At 10:30 AM, participants completed the memory task (Test 3) and 
were permitted to leave the lab. In the Sleep First condition (n=28), participants reported 
to the laboratory in the evening. They completed the WPA task encoding and immediate 
testing (Test 1) at around 9pm in the evening before being prepared for nighttime sleep. 
Participants were woken up at 9am the next morning and provided breakfast. At 10:30 AM, 
participants completed the memory task (Test 2) and were permitted to leave the lab. At 
around 9pm in the evening, participants returned to the lab for a third memory test session 

(Test 3). 

Task 

The word-paired associates (WPA) task 
consisted of an encoding session and three testing 
sessions (Figure 2). During encoding, participants 
passively viewed 60 pairs of words, each presented 
vertically stacked and shown twice in random 
order. Every word pair was presented for 100ms 
followed by a fixation cross for 100ms. We trained 

Figure 2-2 The word-paired associates 
task 

Figure 2-1 The study protocol 
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subjects to criterion using a test in which participants were shown one word of the pair 
and were required to type in the missing word. Feedback was provided and participants 
had to achieve 70% accuracy to finish the training. Retrieval was identical to the training to 
criterion except no feedback was given. The word-pairs were divided into three sets of 20 
pairs; one set was tested at each test session and the order was counterbalanced. Three 
retrieval tests were conducted: 1) immediately after encoding (Test 1), 2) 12 hours after 
encoding (Test 2) and 3) 24 hours after encoding (Test 3). The accuracy score was 
calculated for each test. 

Sleep Recording and Scoring 

EEG data were acquired using a 32-channel cap (EASEYCAP GmbH) with Ag/AgCI 
electrodes placed according to the international 10-20 System (Dang-Vu et al., 2008). 
Twenty-two electrodes were scalp recordings, and the remaining electrodes were used for 
electrocardiogram (ECG), electromyogram (EMG), electrooculogram (EOG), ground, an 
online common reference channel (at FCz location, retained after re-referencing), and 
mastoid (A1 & A2) recordings. The EEG was recorded with a 1000 Hz sampling rate and 
was re-referenced to the contralateral mastoid (A1 & A2) and down sampled to 256Hz 
post-recording. Eight scalp electrodes (F3, F4, C3, C4, P3, P4, O1, O2), the EMG, and EOG 
were used in the scoring of the nighttime sleep data. High pass filters were set at .3 Hz and 
low pass filters at 35 Hz for EEG and EOG. Raw data were visually scored in 30-sec epochs 
into Wake, Stage 1, Stage 2, Slow Wave Sleep (SWS) and rapid eye movement (REM) sleep 
according to the Rechtschaffen & Kales’ manual (Rechtschaffen & Kales, 1968). 

Power spectra estimation  

To examine which sleep frequency bands might account for memory changes, we 
analyzed the following sleep frequency bands: sigma (11-15Hz), theta (4-7Hz), delta (1-
4Hz), and slow wave activity (SWA) (0-1Hz). Sleep spindles were detected using the same 
method published before (Zhang et al.,2020). The EEG epochs that were contaminated by 
muscle and/or other artifacts were rejected using a simple out-of-bounds test (with a ±200 
µV threshold) on high-pass filtered (0.5 Hz) version of the EEG signals. The EEG power 
spectra were computed using the Welch method (4 sec Hanning windows with 50 % 
overlap) on the artifact-free 30-sec epochs. Then, the estimated power spectra were 
averaged within each sleep stage/electrode/subject.  

Statistical analysis  

Our primary hypothesis was that the improvement in memory would be higher for 
the Sleep First condition compared to the Wake First condition. To test this hypothesis, we 
conducted a mixed ANOVA test with the within-subject factor being time (Test 1 and Test 
3) and the between-subjects factor being groups (Wake First and Sleep First).  
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To examine the hypothesis that sleep rescues memory, we compared the relevant 
sleep features associated with overnight 
improvement (Test 2- Test 1 for the Sleep First 
group; Test 3- Test 2 for the Wake First group) 
between two groups. If sleep rescues memory, 
specific sleep features would be correlated 
with overnight improvement for the Wake First 
group but not the Sleep First group. To this 
end, we calculated Pearson’s r between each 
frequency band and the memory difference 
scores for each group separately. Benjamini‐
Hochberg correction with false discovery rate 
set as 5% was used to control for multiple 
comparisons.  

Results  
Behavioral  

As shown in Figure 3, the baseline performance was similar between two groups 
(t54=-0.55, p=0.59), suggesting the differences in encoding and test times between the two 
groups had minimal impact on immediate recall. At Test 2, the Sleep First group performed 
significantly better than the Wake First group (t54=3.78, p<0.001), showing that memory 
performance was better after a night of sleep compared to a day of wakefulness. At Test 3, 
however, the two groups showed similar recall levels (t54=1.33, p=0.19), suggesting 
sleeping immediate after learning did not stabilize memory against further interference. 
There was a main effect of time, F(1,54)=216.17, p<0.001), indicating that both groups 
showed significant forgetting across the three sessions. The main effect of group was not 
statistically significant (F(1,54)=0.78, p=0.38), providing additional evidence that sleeping 
immediately after learning did not protect new memories from waking interference 
following a night of sleep.  

Sleep  

The two groups showed 
similar sleep architecture except for 
the Total Sleep Time (TST) and time 
spent in SWS (Table 1). Specifically, 
the WASO, and percent time spent 
in each stage, and time spent in N1, 
N2 and REM were not statistically 
different between two groups 
(p>0.05). The Wake First group had 
significantly more Total Sleep Time 
(TST) (p=0.00) and time spent in 
SWS (p=0.03) than the Sleep First 
group. When correlating with 
memory performance, TST has a 

Sleep Stage Wake First Sleep First  P values
TST (min) 534.90(49.73) 482.32(41.08) 0.00*
N1 (min) 14.96(8.60) 14.38(13.15) 0.85
N1(%) 2.83(1.65) 3.11(3.10) 0.69
N2 (min) 283.06(54.17) 259.57(36.82) 0.07
N2(%) 52.88(8.71) 53.93(7.14) 0.63
N3 (min) 108.75(39.10) 89.34(24.79) 0.03*
N3(%) 20.46(7.59) 18.56(5.06) 0.28
REM(min) 128.12(34.02) 119.00(43.20) 0.40
REM(%) 23.76(5.26) 24.40(7.99) 0.99
WASO 31.63(28.50) 34.05(37.86) 0.79
SE 92.20(5.78) 89.58(7.46) 0.16

Test 1 Test 2 Test 3
0.0

0.2

0.4

0.6

0.8

1.0

Memory Performance

Accurancy (%
)

Sleep First
Wake First

✱✱✱

Figure 2-3 Memory performance 

Table 1 Sleep Architecture.  

TST = total sleep time; N1 = stage 1; N2 = stage 2; N3 = stage 3; 
WASO = Wake Time After Sleep Onset; SE = sleep efficiency 

Figure 2-4 The Pearson’s r coefficient between overnight 
memory performance change and power spectra in theta, delta 
and SO bands for the Sleep First group (top panel) and the 
Wake First group (bottom panel) 
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positive correlation with overnight memory improvement for the Wake First group (Test 
3-Test 2) (r=0.43, p=0.03), but not for the Sleep First group (Test 2 – Test 1) (r=0.01, 
p=0.95). Time spent in SWS was not correlation with any performance measure for either 
group (p>0.05). 

Power performance correlation 

Overnight memory performance change for the Wake First group (Test 3 – Test 2) 
was positively correlated with spectra power in theta and delta frequency during SWS 
(Figure 4, top panel). Specifically, for delta band, 16 electrodes located at parietal, occipital 
and temporal lobe showed a positive correlation with overnight memory change (Test 3 - 
Test2) in SWS after Benjamini‐Hochberg correction for multiple comparisons. For theta 
band, 3 electrodes located at prefrontal, left temporal and left occipital area showed a 
positive correlation with overnight memory change (Test 3 - Test2) in SWS after 
Benjamini‐Hochberg correction for multiple comparisons. The same correlation was not 
observed in the Sleep First group (Figure 4, bottom panel). In fact, no statistically 
significant correlation was found between any frequency band and memory performance 
for the Sleep First group. 

Discussion 
Prior studies have demonstrated that sleep protects and stabilizes memories against 

further interference, suggesting an active role of sleep in memory consolidation 
(Ellenbogen, Payne, et al., 2006). In addition, studies report that sleep must occur shortly 
after learning to optimize consolidation for declarative memory (Backhaus et al., 2008; 
Payne et al., 2012), associative memory (Talamini et al., 2008) and motor skills (Van Der 
Werf et al., 2009). However, whether sleep stabilizes memory is still a debate as other 
studies show similar memory performance after a period of sleep and wake (Bailes et al., 
2020; Deliens et al., 2013; Pöhlchen et al., 2021). Therefore, the goal of the current study 
was to investigate if sleep plays a stabilizing or rescuing role in memory consolidation and 
specific features involved.  

Consistent with prior studies, we found better memory over a night of sleep 
compared to a day of wake (Diekelmann & Born, 2010a; Gais et al., 2006; Jenkins & 
Dallenbach, 1924). However, we also found similar memory performance levels between 
the two groups at 24-hours, suggesting that sleep before daytime interference did not make 
memories resistance to this interference. However, we did find participants slept longer 
when the interference occurred before compared to after sleep, which was associated with 
overnight memory improvement. In addition, specific sleep features contributed memory 
improvement after a night of sleep that followed a day of wake, but not with a night of sleep 
in which interference occurred after sleep, suggesting that sleep may help recover learning 
after daytime interference. This rescue effect was associated with increased power in theta 
and delta frequency during SWS. Drosopoulos and colleagues also showed that sleep 
recovered memory of an older word list when an interference list was learned before sleep 
(Drosopoulos et al., 2007). Similarly, Backhaus and colleagues reported that both 
immediate and delayed post-learning sleep enhanced declarative memory (Backhaus et al., 
2008). However, they also showed a stabilizing effect of sleep with less forgetting across 
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wakefulness in the Sleep First group compared to the Wake First group, which was not 
observed in the current study.  

The rescuing effect of sleep on memory has been shown in a non-declarative, 
perceptual learning task with the amount of REM sleep positively associated with the 
magnitude of memory recovery (McDevitt et al., 2015). The current study suggests that the 
rescuing effect of sleep may extend to declarative memory, with TST, theta and delta power 
during SWS being correlated to the amount of memory recovery. Sleep-dependent 
declarative memory consolidation has been associated SWS duration (Cairney et al., 2015; 
Fowler et al., 1973; Plihal & Born, 1997a; Tucker et al., 2006) and specific features during 
SWS including SOs  (Dang-Vu et al., 2008, p.; Farhadian et al., 2021; Marshall et al., 2006; 
Ruch et al., 2012), The current study shows that theta power is implicated in this process as 
well. Theta power has been associated with the redistribution of memory from the 
hippocampus to the neocortex, (Headley & Paré, 2017), and studies have shown that theta 
power is correlated with successful memory reactivation during NREM sleep (Choi et al., 
2021; Schreiner et al., 2018).  

There are a few limitations of the current study. The interference was based on 
subjects’ daytime activity instead of a wordlist that is more closely related with the 
learning stimuli (Ellenbogen, Hulbert, et al., 2006), which might reduce the effect of 
retroactive interference. Future studies can utilize an interference wordlist before and after 
sleep to further isolate the effect of sleep on memory against retroactive interference. In 
addition, the between-subject design decreases the effect size. We cannot rule out the 
possibility that sleep has a stabilizing effect on memory that is not large enough to be 
detected in the current study.  

In summary, the current study shows that sleep benefits memory on a word list 
regardless of whether it occurs shortly after learning or after a delay, suggesting that sleep 
shelters memory from interference. More interestingly, subjects experienced enhanced 
overnight memory improvement when there was a delay between learning and sleep, and 
this improvement was associated with theta and delta power. Taken together, our results 
suggest that sleep rescues memory after interference has occurred instead of stabilizing 
memory against future interference. Future studies are needed to examine the neural 
mechanism underlying sleep’s rescuing effect on memory after interference has occurred.  
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CHAPTER 3 The Effect of Zolpidem on Memory Consolidation and Sleep 
Features Over a Night of Sleep 

 

Abstract 
Non-rapid eye movement (NREM) sleep boosts hippocampus-dependent, long-term 

memory formation more so than a period of wake. Studies have pointed to several 
electrophysiological events that likely play a role in this process, including thalamo-cortical 
sleep spindles (12-15Hz). However, interventional studies that directly probe the causal 
role of spindles in consolidation are scarce. In addition, spindles don’t singularly account 
for changes in post-sleep performance change. Previous studies have examined the role of 
zolpidem, a GABA-A agonist, for sleep spindles after daytime nap. The current study 
investigated the effect of zolpidem on nighttime sleep and overnight hippocampal-
dependent memories. We used a double-blind, placebo-controlled within-subjects design 
to test the a priori hypothesis that zolpidem would lead to increased memory performance 
on a word paired-associates task by boosting spindle activity during the night of sleep. In 
addition, we explored the impact of zolpidem across a range of other spectral sleep 
features, including slow oscillations (0.5-1Hz), delta (1-4Hz), theta (4-8Hz), and sigma (12-
15Hz) activity, as well as spindle-SO event coupling. We show greater memory 
improvement after a night of sleep with zolpidem, compared to placebo, replicating a prior 
nap study. Additionally, zolpidem increased sigma power, decreased theta and delta power, 
and altered the phase angle of spindle-SO coupling, compared to placebo. These sleep 
alterations after a night of zolpidem were also associated with next-day memory 
performance. These results are consistent with the hypothesis that sleep, specifically the 
timing and amount of sleep spindles, plays a causal role in long-term formation of episodic 
memories. Furthermore, our results suggest a heretofore unreported role of NREM theta 
activity in human memory consolidation. 

Introduction         
Converging evidence from both cellular and behavioral research suggests an 

essential role of sleep in memory consolidation (Diekelmann, 2014; Mednick et al., 2011; 
Stickgold, 2005). For hippocampal-dependent episodic memories, studies have shown 
greater performance improvement following the first half of the night rich in slow wave 
sleep (SWS), compared to the second half of the night with majority rapid eye movement 
(REM) sleep (Fowler et al., 1973; Plihal & Born, 1997b). In addition, neocortical slow 
oscillations (SO, 0.5-1Hz) and thalamo-cortical spindles (12-15Hz) have emerged as two 
prominent features of non-REM (NREM) sleep associated with episodic memory 
consolidation (Diekelmann & Born, 2010b). For example, Clemens and colleagues 
(Clemens, Fabó, & Halász, 2005) found a positive correlation between the number of 
spindles and overnight verbal memory retention, but not visual skill learning. In another 
study, spindle density in stage 2 sleep increased after an episodic memory encoding but not 
after a non-learning task where subjects were instructed to count letters containing curved 
lines (Gais et al., 2002). More so, performance improvements after an episode of sleep have 
been associated with increases in spindle activity (Lustenberger et al., 2012; Schabus et al., 
2004b). Similar correlations have been shown between SOs and memory improvement in 
both animals (Binder et al., 2014) and humans (Marshall et al., 2006; Ngo et al., 2013). 
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Majority of these studies were observational in that they correlated sleep features with 
memory outcomes. In the current study, we used pharmacology to manipulate spindle 
activity and investigated the correlation between change in memory performance and 
multiple sleep features. 

More recently, the temporal coupling between spindles and SOs have been 
suggested to reflect hippocampo-thalamo-cortical communication during NREM sleep, and 
that this coordinated activity pattern may underlie the formation and protection of long-
term memories (Mölle et al., 2011; Staresina et al., 2015). Accordingly, several studies 
suggest that coincident spindle-SO coupling leads to greater memory, optimally when 
spindle activity occurs during the SO up-state (Gais & Born, 2004; Mölle et al., 2009; M. 
Niknazar et al., 2015; Sattari et al., 2019). Optogenetically stimulating spindle activity 
during the up-state of SOs in rodents improved contextual fear-conditioning, compared 
with random or no stimulation (Latchoumane et al., 2017b). A recent study examining 
coupling of sigma and SO in relation to fMRI brain activity and memory performance in 
young and older adults (Helfrich et al., 2018) reported that spindle-SO coupling predicted 
post-sleep episodic memory improvement in both age groups. However, older adults 
showed altered timing between spindle-SO coupling and decreased coupling over the 
frontal pole, which could explain why overnight memory retention is frequently impaired 
in older compared to young adults. Additionally, optimal spindle-SO timing may 
compensate for lower total number of spindles and support memory (Demanuele et al., 
2017). Specifically, patients with schizophrenia showed reduced spindle number and 
density but similar spindles-SO coupling compared to healthy individuals, and magnitude 
of coordination between spindles and SOs was correlated with overnight improvement on 
a hippocampal-dependent memory task (Demanuele et al., 2017).  

Experimental approaches to probe the causal nature of sleep spindles are scarce. 
Spindles can be pharmacologically increased with zolpidem (Ambien), a GABA-A agonist 
with a half-life of approximately 1.5-3.2 hours and peak plasma concentration 1.6 hours 
after ingestion (Drover, 2004). Our group has shown that administering zolpidem during a 
morning nap increases spindle density compared with placebo and a comparison hypnotic, 
sodium oxybate (Mednick et al, 2013). Additionally, zolpidem improved episodic memory, 
but decreased perceptual learning, and had no effect on motor learning, compared with 
placebo (Mednick et al, 2013). Verbal memory performance was significantly correlated 
with spindle density in zolpidem and placebo, but not with sodium oxybate (Mednick et al, 
2013). Furthermore, zolpidem increased the coincidence of the spindle-SO coupling 
measured by phase angle, which also correlated with memory improvement (M. Niknazar 
et al., 2015).  Similarly, eszopiclone, a GABA based non-benzodiazepine, increased spindles 
and the association between spindles and motor learning (Wamsley et al., 2013). Given the 
small amount of studies that test the impact of directly manipulating spindles on memory, 
and that zolpidem has only been tested in a morning nap, more research is needed.  

The current study investigated the impact of zolpidem on a night of sleep, 
specifically on spindle activity and spindle-SO coupling, and overnight episodic memory 
consolidation of word-pair associates. In addition, zolpidem is known to reduce theta 
oscillation, yet the effect on memory is unknown. Specifically, a study using zolpidem as a 
treatment for insomnia showed that zolpidem decreased theta power and increased sigma 
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power with no change in SO in patients (Lundahl, Deacon, Maurice, & Staner, 2012). The 
reduction of theta activity by zolpidem is consistent between sexes (Dijk et al., 2010). 
Another study showed that zolpidem decreased band power between 3.75hz to 10hz for 
sleep-deprived participants, with theta power having the largest reduction (Landolt et al., 
2000). Therefore, a secondary goal of the current study was to investigate a range of sleep 
features, including SO, delta and theta, and their relation to memory performance. Taking 
into consideration the short half-life of zolpidem (Drover, 2004), we divided the night of 
sleep into four quartiles in order to assess the effect of zolpidem on sleep physiology 
during peak plasma periods, as well as across the whole night. We hypothesized that, 
compared to placebo, zolpidem would show increased performance on an episodic 
memory task compared with placebo, as well as greater spindle density and spindle-SO 
coupling during the first two quartiles of sleep.  

 

Methods 
Participants 

Thirty-six healthy adults (Mage = 21.00 ± 2.97 years, 19 Females) with no history of 
neurological, psychological, or other chronic illnesses were recruited for the study. All 
participants signed informed consent, which was approved by the Western Institutional 
Review Board and the University of California, Riverside Human Research Review Board. 
Exclusion criteria included irregular sleep/wake cycles; sleep disorder; personal or familial 
history of diagnosed psychopathology; substance abuse/dependence; loss of consciousness 
greater than 2 minutes or a history of epilepsy; current use of psychotropic medications; 
and any cardiac or respiratory illness that may affect cerebral metabolism, which was 
determined during an in-person psychiatric assessment with trained research personnel. 
Additionally, all participants underwent a medical history and physical appointment with a 
staff physician to ensure their physical well-being. All subjects were naïve to or had limited 
contact with (<2 lifetime use and no use in last year) the medication used in the study. 
Participants received monetary compensation and/or course credit for participating in the 
study.   

 

Procedure 
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This study employed a double-blind, placebo-controlled, within-subject design, in which 
every subject experienced both zolpidem and placebo. The order of drug conditions was 
counterbalanced with at least a one-week interval between each experimental visit to allow 
for drug clearance. Subjects reported to the laboratory at 7:30AM and began encoding for 
the paired associates verbal memory task at 8:00AM. Participants left the lab after 
cognitive testing. Participants returned to the laboratory at 9:00 PM at which point a 
second memory test was given. After testing, participants were prepared for nighttime 
sleep, which included a 32-channel polysomnography (PSG) recording. Once in bed and 
directly before lights out, subjects ingested either 10mg of zolpidem or placebo. 
Participants were woken up at 9:00AM the next morning and provided a standardized 
breakfast. At 10:30 AM, participants completed the memory task and were permitted to 
leave the lab after being cleared by study personnel (figure 1). 

 

Task 

The word-paired associates (WPA) task consisted of an encoding phase and three 
retrieval phases. Encoding consisted viewing 60 pairs of words, each presented vertically 
stacked and shown twice in random order. Every word pair was presented for 100ms 
followed by a fixation cross for 100ms. We trained subjects to criterion using a test in 
which participants were shown one word of the pair and were required to type in the 
missing word. Feedback was provided and participants had to achieve 70% accuracy to 
finish the training. For testing, the 60 word-pairs were divided into three sets of 20 pairs; 
one set was tested at each test session and the order was counterbalanced. Three retrieval 
tests were conducted: 1) immediately after encoding (9AM, Test 1), 2) before sleep (9PM, 
Test 2) and 3) the morning after sleep (10:30AM, Test 3). No feedback was provided during 
testing.  

 

Sleep recording 

 

Figure 1, study protocol  
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EEG data were acquired using a 32-channel cap (EASEYCAP GmbH) with Ag/AgCI 
electrodes placed according to the international 10-20 System (Jasper, 1958). 22 electrodes 
were scalp recordings and the remaining electrodes were used for electrocardiogram 
(ECG), electromyogram (EMG), electrooculogram (EOG), ground, an online common 
reference channel (at FCz location, retained after re-referencing), and mastoid (A1 & A2) 
recordings. The EEG was recorded with a 1000 Hz sampling rate and was re-referenced to 
the contralateral mastoid (A1 & A2) post-recording. Data were pre-processed using 
BrainVision Analyzer 2.0 (BrainProducts, Munich Germany).  Eight scalp electrodes (F3, F4, 
C3, C4, P3, P4, O1, O2), the EMG, and EOG were used in the scoring of the nighttime sleep 
data. High pass filters were set at .3 Hz and low pass filters at 35 Hz for EEG and EOG. Raw 
data were visually scored in 30-sec epochs into Wake, Stage 1, Stage 2, Slow Wave Sleep 
(SWS) and rapid eye movement (REM) sleep according to the Rechtschaffen & Kales’ 
manual (Rechtschaffen & Kales, 1968). After staging, all epochs with artifacts and arousals 
were identified rejected by visual inspection before spectral analyses. Minutes in each sleep 
stage and sleep latencies (SL) (the number of minutes from lights out until the initial epoch 
of sleep, Stage 2, SWS and REM) were calculated. Additionally, wake after sleep onset 
(WASO) was calculated as total minutes awake after the initial epoch of sleep, and sleep 
efficiency (SE) was computed as total time spent asleep after lights out (~11:00PM) 
divided by the total time spent in bed (~11:00PM-9:00AM) * 100.  

 

Spindle detection 

For each electrode, we first found the peak frequency fp of Stage 2 and SWS power 
spectrum within the 9–15 Hz band. For the electrodes with no power spectrum peak in this 
range, the average of peak frequencies from other EEG electrodes was considered as fp. Next, 
we calculated the time-series of average EEG energy, E(t), after convolving the signals by 
complex Morlet wavelets 𝜓𝜓(𝑡𝑡) = 𝐴𝐴 exp(−𝑡𝑡2/2𝜎𝜎𝑡𝑡2) exp ( 𝑖𝑖2𝜋𝜋𝑓𝑓0𝑡𝑡), where f0 is in range [fp -1.5 
fp +1.5] Hz with 0.1 Hz steps, 𝐴𝐴 = �𝜎𝜎𝑡𝑡√𝜋𝜋�

−1/2
, 𝜎𝜎𝑡𝑡 = 1/2𝜋𝜋𝜎𝜎𝑓𝑓 , σf=f0/10, 𝑖𝑖 = √−1, and wavelet 

duration is in range -5σt<t<5σt. Spindles were detected at each EEG electrode by applying a 
thresholding algorithm on E2(t). The threshold was defined as 4 times the mean amplitude 
of E2(t) of all artifact-free 30-sec epochs. A spindle event was identified whenever E2(t) 
exceeded the threshold for a minimum of 250 milliseconds. Finally, the detected spindles 
were refined if the estimated frequency of each spindle fell in range 9–15 Hz. In order to 
estimate a spindle frequency, the zero-crossings of the high-passed filtered (2 Hz) version of 
EEG in the candidate spindle intervals were first detected. Then, the spindle frequency was 
estimated as 𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒 = (𝑁𝑁 − 1)/2∆𝑇𝑇, where ∆T is the time difference between the last and first 
zero crossings within a candidate spindle interval. 

 
Slow Oscillation detection 

SO events were detected based on the algorithm developed by Massimini and 
colleauges (Massimini et al., 2004) The EEG signals were first filtered (zero-phase bandpass, 
0.1–4 Hz). Then, the SO events were detected based on a set of criteria for down to up-state 
amplitude (>140 µV), down-state amplitude (<-80 µV), and duration of down-state (between 
0.3 and 1.5 sec) and up-states (<1 sec) (see Dang-Vu et al., 2008 for more details). 
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SO–Spindle Modulation Index 

Coupling between the phase of SO and amplitude of sigma power (12–15 Hz) during 
stage 2 and SWS was measured by modulation index (MI) as described by Canolty and 
colleagues (Canolty et al., 2006), and adapted by (M. Niknazar et al., 2015). First, we based 
the MI analysis on detected SO events (described in SO detection section above) in order to 
eliminate spurious EEG coupling from the entire sleep stage. However, in this case, we 
detected SOs within the frequency range of 0.1-4Hz. In addition, we narrowed our analysis 
to frontal electrodes (F3 and F4), which have been reported to show the strongest SO activity 
(Massimini et al., 2004). To calculate the MI, we applied a Hilbert Transformation to SO and 
sigma power within the SO event windows to construct the composite complex-valued signal 
of the amplitude of sigma power and the phase of the SO. 𝑍𝑍[𝑛𝑛] = 𝑎𝑎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠[𝑛𝑛] exp(𝑖𝑖∅𝑆𝑆𝑆𝑆[𝑛𝑛])  The 
normalized mean of this composite vector across trials is the raw MI. Higher MI values 
indicate less variability in the timing between spindle amplitude peak and a certain phase of 
the SO. To account for overestimation of MI due to noise, a normalized MI was calculated. A 
distribution of surrogate MI values was generated, with mean μ and standard deviation σ 
and the normalized MI was computed as MIraw−μ/σ.  

We also measured the phase angle of the composite signal Z[n], which is the SO phase 
at which the amplitude tends to peak. In other words, for each SO event, the SO phase at the 
peak spindle amplitude envelope was calculated. A value of zero for SO phase (∅𝑆𝑆𝑆𝑆  = 0) 
represents the negative peak of the oscillation (SO trough), and a positive value suggests the 
up-state of the SO. Modulation index and phase angle were computed for zolpidem and 
placebo separately to determine the consistency and preference of the temporal relationship 
between the phase of SO to the amplitude of spindles. If MI or phase angle variables were 
significantly different between drug conditions, we computed Pearson’s r between memory 
performance and the variable to determine if such a difference plays a role in behavioral 
change.  

- Power spectrum estimation 
To examine whether other sleep frequency bands might account for memory 

changes, we analyzed the following sleep frequency bands: sigma (11-15Hz), theta (4-7Hz), 
delta (1-4Hz), and slow wave activity (SWA) (0-1Hz). The EEG epochs that were 
contaminated by muscle and/or other artifacts were rejected using a simple out-of-bounds 
test (with a ±200 µV threshold) on high-pass filtered (0.5 Hz) version of the EEG signals. 
The EEG power spectra were computed using the Welch method (4 sec Hanning windows 
with 50 % overlap) on the artifact-free 30-sec epochs. Then, the estimated power spectra 
were averaged within each sleep condition/stage/quartile/electrode/subject.  

 

 

Statistical analysis 

- Data reduction 
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8 Participants (6F) did not complete both visits due to scheduling conflicts, which 
resulted in 28 subjects being included in the analyses. 

- Behavioral data 
To assess the impact of zolpidem on memory, we examined memory performance 

using 2 difference scores (24-hour retention: Test 3 - Test 1, and Overnight retention: Test 
3 - Test 2). We conducted a two-sample paired t-test for each difference score comparing 
placebo and zolpidem conditions. Our primary hypothesis was that the improvement in 
memory in the zolpidem condition compared to placebo is correlated with a corresponding 
increase in spindle-related activity. To test this hypothesis, we calculated a change score 
for spindles density from zolpidem to placebo for each electrode, within each sleep stage, 
averaged within each quartile. We then calculated Pearson’s r between the spindle 
difference scores and the memory difference scores. Benjamini‐Hochberg correction with 
false discovery rate set as 5%was used to control for multiple comparisons. We computed 
similar differences scores for the sleep frequency bands and Pearson’s r were calculated 
between difference scores for sleep frequency bands and memory performance. 

 
- Power spectrum estimation 
To examine the effect of zolpidem on the sleep frequency bands, we performed paired 

t-tests on the estimated power spectra averaged among all the electrodes for zolpidem and 
placebo from 0 to 30 Hz in 0.5 frequency bins, corrected by Benjamini‐Hochberg correction 
test (Benjamini & Hochberg, 1995). To investigate the spatial distribution of sleep frequency 
bands, we then performed paired t-tests for each sleep frequency band at each electrode. To 
control for multiple comparison, we performed Benjamini‐Hochberg correction test 
(Benjamini & Hochberg, 1995) and cluster-based permutation (Maris & Oostenveld, 2007).  

- Cluster-based permutation 
Cluster-based permutation tests have been widely used in the field of fMRI studies 

to control for multiple comparison problems (Woo et al., 2014). Maris and Oostenveld 
developed a method to incorporate cluster-based permutation tests in EEG data, which is 
used in the current analysis (Maris & Oostenveld, 2007). This technique increases the 
statistical power to find a drug effect, while sacrificing temporal and spatial specificity (i.e. 
we cannot say which electrode or which quartile had the significant effect). To test a 
significant drug effect within each sleep stage and each quartile, we performed a paired-t 
tests on each electrode site “sample” pair. Clusters were identified if one or more than one 
adjacent electrode reached significance level (p<0.05) in the same direction. Within each 
cluster, t-statistics were summed, and the max of the summed t-stats across all samples 
was calculated thereby creating the “real” cluster level statistic. Then, the assigned drug 
condition to each electrode data point was randomly shuffled, and a “permuted” cluster 
level statistic was calculated using the same above procedure. We repeatedly shuffled and 
calculated the “permuted” cluster level statistic 2000 times to get the expected distribution 
of the cluster level statistic if there was no drug effect (permutation distribution). The real 
cluster level statistic was then compared with permutation distribution and drug was 
considered to have a significant effect when it was larger than 98.75% of the shuffled t-
values after correcting for multiple comparisons (i.e. 100 – 5/number of quartiles). The 
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reported statistic is the number of times the real cluster level statistic happens in the 2000 
permutations.  

 

Results  
- Behavioral data 

 

Similar to prior reports (Mednick et al., 2013), memory recollection was improved in 
the zolpidem group compared to the placebo group. Specifically, participants in zolpidem 
condition had better verbal memory retention both at the 24-hour retention (t₂₇=2.40, 
p=0.02) and overnight retention (t₂₇=2.64, p=0.01) tests (Figure 2). 

Figure 2, behavioral results 

Figure 3-1 Behavioral results 
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- Sleep data 
The two groups showed 

similar sleep architecture (table 1). 
Specifically, total sleep time, WASO, 
SE, and time spent in each stage and 
quartile were not significantly 
different between two groups 
(p>0.05). 

As shown in Figure 3, when 
averaged across all electrodes, 
zolpidem showed 1) decreases in 
power in theta frequencies in stage 
2 (quartiles 1 & 2) and  SWS 

(quartile 1), and 2) increases in 
sigma frequencies in stage 2 
(quartiles 2), after correcting for 

multiple comparisons. Importantly, expected peak plasma concentrations occur during 
quartile 1 & 2. 

 
Figure 3-2 power spectrum for zolpidem (zol) and placebo (pbo) in stage 2 and stage 
3 divided into 4 quartiles, averaged across electrodes. 

Sleep Stage PBO ZOL  P values 
TST (min) 536.18(47.92) 537.71(39.15) 0.42 
N1 (min) 14.46(8.44) 13.32(11.73) 0.57 
N1(%) 2.74(1.62) 2.55(2.28) 0.54 
N2 (min) 283.66(53.44) 288.61(46.66) 0.67 
N2(%) 52.87(8.61) 53.75(8.19) 0.71 
N3 (min) 110.09(37.99) 121.66(41.68) 0.99 
N3(%) 20.64(7.32) 22.58(7.46) 0.98 
REM(min) 127.95(32.07) 113.66(29.06) 0.99 
REM(%) 23.76(5.26) 21.01(4.58) 0.99 
WASO 31.30(27.60) 25.73(26.00) 0.93 
SE 92.39(5.64) 93.26(4.89) 0.87 

 

Table 2 Sleep architecture 
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Figure 3-3 Topographic plots of the estimated marginal mean difference in spectral 
power between zol and pbo 

Sigma 

o Electrode-based power spectrum estimation 
Zolpidem show significantly greater sigma activity in Stage 2 (33% of electrodes) and 

SWS (10% of electrodes), compared to placebo. After correction for multiple comparisons 
across electrodes using the Benjamini‐Hochberg correction, 7 electrodes remained 
significant in quartile 2 and 5 electrodes in quartile 4 in stage 2, as shown in Figure 4(a). The 
range of increase is between 14% to 16%. 

o Cluster-based permutation for power spectrum estimation 
Cluster based permutation tests confirmed the individual electrode analysis, where 

the zolpidem group exhibited significantly greater sigma in stage 2 quartile 1(p =13/2000), 
quartile 2 (p<1/2000), quartile 3 (p<1/2000), and quartile 4 (p<1/2000). Significance was 
also detected in SWS quartile 2 (p=2/2000) and quartile 3 (p=42/2000).   

o Correlation between EEG activity and performance 
No significant correlations emerged between sigma activity and performance change in 
either the cluster-based permutation or individual electrode site after Benjamini–Hochberg 
correction.  

Spindle density 

o Electrode-based estimation 
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Spindle density was correlated with sigma power (r=0.36, p<0.001), and zolpidem 
showed increases in spindle density in stage 2 (4% electrodes were significant) and SWS (5% 
electrodes were significant), compared with placebo. However, no comparisons survived 
Benjamini‐Hochberg correction. 

o Cluster-based permutation for power spectrum estimation 
No drug effect was detected for spindle density. 

o Correlation between EEG activity and performance 
For spindle density, 3 electrodes located at central occipital and left temporal areas 

displayed a positive correlation with overnight retention at quartile 2 in stage 2 after 
Benjamini‐Hochberg correction (figure 5). Similarly, overnight retention and cluster-based 
permutation on spindle density was significantly correlated during stage 2 quartile 2 

(p=33/2000). 

 

Theta 

o Electrode-based power spectrum estimation 
When each electrode was considered separately, 

there was a general decrease in theta power in the zolpidem 
condition compared to placebo in stage 2 (68% electrodes 
were significant) and SWS (40% electrodes were 
significant). As shown in Figure 4(b), after correction for 
multiple comparisons using Benjamini‐Hochberg 
correction, 23 electrodes remained significant in quartile 1 
and 2, 14 electrodes located in the left hemisphere in 
quartile 3 and 6 electrodes located in central frontal in 
quartile 4 for stage 2 remained significant. For SWS, 23 
electrodes remained significant in quartile 1 and 2, and 14 
electrodes located in the left hemisphere in quartile 3.  

Cluster-based permutation for power spectrum 
estimation 

The zolpidem group exhibited significantly lower theta in stage 2 (p=98/2000). All 4 
quartiles showed a significant decreased theta for zolpidem compared to placebo in stage 2 
(p<1/2000 for quartiles 1-4), and quartile 1 (p<1/2000) and 2 (p<1/2000) in SWS. 

o Correlations between EEG activity and memory performance 
The correlation between differences in overnight memory performance and theta 

power was significant during stage 2 quartile 2 (p=37/2000) from cluster-based 
permutation. As shown in Figure 5, after Benjamini‐Hochberg correction for multiple 
comparisons, 6 electrodes located at left occipital lobe displayed a positive correlation with 
overnight retention at quartile 2 in stage 2, 1 electrode remained significant at quartile 3 
stage 2, suggesting increased theta power has a positive association with better memory 
retention.  

Figure 3-4 Topographic plots of 
Pearson’s r in spectral power 
change (zol-pbo) and performance 
change (zol-pbo) for overnight 
retention 
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Delta 

o Electrode-based power spectrum estimation 
When each electrode was considered separately, there was a general decrease in 

delta power in the zolpidem condition compared to placebo in stage 2 (23% electrodes were 
significant) and SWS (18% electrodes were significant). After correction for multiple 
comparisons using Benjamini‐Hochberg correction, 3 frontal electrodes remained 
significant in stage 2 quartile 2. 9 frontal electrodes were significant in quartile 1 SWS and 
19 electrodes for quartile 2 SWS, as shown in Figure 4 (c).  

o Cluster-based permutation for power spectrum estimation 
The zolpidem group exhibited significantly lower delta in stage 2 quartile 1 

(p=4/2000), quartile 2 (p<1/2000), and quartile 3 (p=7/2000) , as well as quartile 1 
(p<1/2000) and 2 (p<1/2000) in SWS. 

o Correlations between EEG activity and memory 
performance 

The correlation between overnight retention 
and delta power change was significant in stage 2 
quartile 2 using the cluster-based permutation 
analysis (p<42/2000). However, there was no 
significant correlation between delta power and 
performance at individual electrodes after Benjamini–
Hochberg correction. 

Slow wave activity  

o Electrode-based power spectrum estimation 
When each electrode was considered 

separately, changes in SWA did not survive Benjamini‐
Hochberg correction.  

o Cluster-based permutation for power spectrum 
estimation 

No drug effect was detected for SWA. 

o Correlations between EEG activity and memory performance 

Figure 3-5 The phase angle of SO–spindle 
coupling for placebo and zolpidem. 
Individual phase angle is marked in 
circles while the average value for each 
condition is marked by a plus sign. 
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No correlation was detected between 
SWA and performance by cluster-based 
permutation or individual electrode analysis 
after Benjamini–Hochberg correction.  

Spindle-SO coupling  

Similar to Niknazar et al. (2015), we found 
significantly higher phase angle measures for 
zolpidem (0.60 ± 0.56) compared to placebo 
(0.40 ± 0.48) at F4 (t27 = −2.18, p = 0.04), but 
not at F3 (p > 0.05) (Figure 6). Higher phase 
angle measures indicate the spindles were 
clustered in the up-state of the SO phase closer 
to the positive peak (Figure 7). Furthermore, a 
positive relationship was observed between 
phase angle and memory performance in 
zolpidem (r = 0.46, p = 0.01) but not placebo (r 

= 0.11, p > 0.50) at F4, as shown in Figure 8. These findings are similar to Niknazar et al., 
which showed spindles clustered in the up-state closer to the positive peak of the SO in the 
zolpidem condition com-pared to placebo, as well as the significant correlation between 
phase angle and memory in the zolpidem condition and only marginal correlation in 
placebo. A higher positive phase angle and the positive correlation between phase values 
and memory performance in zolpidem suggest that spindles occurring during the up-state 
of the SO and closer to the positive peak may be optimal as this phase-locking was 
associated with better memory enhancement. There was no difference in MI between 
zolpidem and placebo for F3 or F4 (p > 0.05), nor was there a correlation between MI and 
memory improvement. 

 

Figure 3-6 Mean and standard deviation of SO–
spindle coupling phase angle for zolpidem and 
placebo on a schematic SO. 

Figure 3-7 Memory performance improvement and SO–spindle coupling: phase angle and memory 
performance are positively associated in zolpidem (r = 0.46, p = 0.01) but not placebo (r = 0.11, p > 0.50) at F4. 
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Discussion  
The current study showed that zolpidem led to higher memory retention after a night 

of sleep compared to placebo, which adds valuable information regarding the effect of 
zolpidem on memory. Zolpidem also led to increased sigma power and decreased theta and 
delta power. Overnight retention in the zolpidem condition was associated with increased 
spindle density, replicating prior work (Mednick et al., 2013), and theta power, a novel 
finding. Studies investigating the effect of hypnotics on sleep-dependent memory 
consolidation have shown mixed results. While our group report a positive effect of zolpidem 
on declarative memory consolidation here and in a prior study (Mednick et al., 2013), others 
have observed no effect (Meléndez et al., 2005) or even a negative effect (Hall-Porter et al., 
2014). Conflicting findings may be due to methodological differences between studies. 
Specifically, Hall-Porter et al. (2014) used the extended-release version of zolpidem with 6–
8 h of action and found decreased memory performance after drug administration, while 
zolpidem used in our study has a half-life of approximately 1.5–3.2 h. Meléndez et al. (2005) 
used the same version and dosage of zolpidem as our study and found no memory 
differences between zolpidem and the control condition. However, they investigated item-
memory while we probed associative memory, which has been shown to engage the 
hippocampus to a greater extent (Davachi & Wagner, 2002). The current study builds on this 
literature by showing that zolpidem administered over a full night of sleep enhances 
associative memory, replicating a prior result using 90-min daytime naps (Mednick et al., 
2013). 

The positive correlation between theta power and memory performance suggests 
that even though zolpidem leads to a decrease in theta power globally, participants who had 
the least reduction in theta tended to have a better memory retention. Even though we did 
not find significant increases in spindle density in the zolpidem condition compared to 
placebo, this relationship has been consistently shown in previous studies (Dijk et al., 2010; 
Mednick et al., 2013; M. Niknazar et al., 2015). Discrepancies between prior results and the 
current data may be due in part to algorithm-based spindle detection used here while prior 
studies used visual inspection to hand count spindles (Lacourse et al., n.d.; Warby et al., 
2014). A positive association between spindle density and memory improvement is 
consistent with previous findings, adding more support to the theory that sleep spindles are 
critical for memory consolidation (Latchoumane et al., 2017b). Even though we did not find 
a correlation between SO and memory improvement, the coupling of SO and spindles was 
associated with memory, which is consistent with prior literature (Clemens et al., 2011; M. 
Niknazar et al., 2015).  

Current models of sleep-dependent memory consolidation may help clarify the role 
of spindles and spindle–SO coupling in this process. One of predominate views of long-term 
memory consolidation is the active system consolidation theory, which indicates that 
memories are consolidated during sleep by reactivating memory traces associated with 
learning and re-distributing them in the neocortex (Rasch & Born, 2008). The three 
oscillations that are hallmarks of memory reactivation include sharp wave ripples, spindles, 
and SOs (Mölle et al., 2009; Paller & Voss, 2004). Sharp wave ripples have been found to be 
nested into the troughs of faster spindle oscillations (Clemens et al., 2011; Staresina et al., 
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2015)), and spindles occur to a great extent in the upstate of the SO (Latchoumane et al., 
2017b; Mölle et al., 2011; Ngo et al., 2013), emphasizing the interdependent role of these 
three oscillations in relaying information from hippocampus to neocortex (Latchoumane et 
al., 2017b). Indeed, the simultaneous occurrence of all three oscillations naturally or by 
experimental intervention leads to great memory consolidation, compared with the features 
occurring out of phase with one another (Latchoumane et al., 2017b). In addition to 
facilitating the thalamo-cortical communication (Rasch & Born, 2008), spindles have been 
shown to induce long-term potentiation (LTP), which a key process in long-term memory 
consolidation (Rosanova & Ulrich, 2005; Ulrich, 2016). Interestingly, LTP could only be in 
induced by synchronous pre- and postsynaptic spindles but not asynchronous spindles 
(Rosanova & Ulrich, 2005), suggesting the timing between spindles and occurrence of pre- 
and postsynaptic events is crucial for memory consolidation (Ulrich, 2016). Similar results 
have been shown in humans where memory improvement was observed when auditory 
stimuli were applied in phase but not out phase with SO and spindles (Ngo et al., 2013), and 
both Niknazar et al. (2015) and the current study showed hippocampus-dependent memory 
improvement is associated with the coupling of SO and spindles during the up-state of the 
SO. It has been proposed that the up-state of neocortical SOs leads to depolarization and 
provides an opportunity for reactivation (Diekelmann & Born, 2010b). In short, the positive 
association between spindle density, spindle-SO coupling, and declarative memory 
improvement supports the notion that sleep benefits hippocampus-dependent memory by 
transferring the information from hippocampus to neocortex as well as inducing synaptic 
plasticity. 

The inhibitory effect of zolpidem on theta power has been previously reported (Dijk 
et al., 2010; Landolt et al., 2000; Lundahl et al., 2012), and such an effect has been suggested 
to result from binding to GABA receptors (Kopp et al., 2004). Specifically, mice with 
insensitive alpha1GABAA receptors and controls both had decreased sleep-latency after 
taking zolpidem, but only the wild type and not the mutants showed significant power 
reduction encompassing a broad power band >5Hz, which suggests that alpha1GABAA 
receptor is responsible for decreased EEG power while the other two are responsible for 
promoting sleep (Kopp et al., 2004). The current study showed that theta power was 
positively associated with memory improvement, suggesting that engineering zolpidem to 
preserve theta could potentially create an optimal environment for memory consolidation. 
Prior studies indicate candidate mechanisms by which theta preservation might be achieved. 
For example, histaminergic neurons in the hypothalamus are known to promote 
wakefulness, and increased GABA activity in these areas promotes sleep (Sherin et al., 1998). 
Increasing GABA activity only on histamine neurons using zolpidem promoted sleep in mice 
without reducing EEG power (Uygun et al., 2016). Specifically, zolpidem-insensitive mice 
were genetically manipulated to be selectively sensitive to zolpidem in histaminergic 
neurons in the tuberomammillary nucleus of the hypothalamus, and they experienced the 
sleep promoting effect of zolpidem without having reduced EEG power (Uygun et al., 2016). 
Further pharmacological research may be useful in optimizing the memory-enhancing 
effects of sleep. 

Theta oscillation during wakefulness is essential for episodic memory consolidation 
(Klimesch et al., 1994; Nyhus & Curran, 2010) and has been proposed to integrate 
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information between hippocampus and neocortex (Lega et al., 2012). Specifically, theta 
oscillation tend to occur in close temporal proximity to synaptic and neuronal changes after 
memory encoding (Buzsáki, 2002), signaling its role in memory consolidation. Specifically, 
animal studies show that theta peaks signal the depolarization phase of the cell membrane, 
which leads to increased neuron reactivity to inputs (Buzsáki, 2002; Fox et al., 1986) and 
facilitates the induction of LTP during wakefulness (Klimesch, 1999). Such a neural firing 
pattern is replayed during REM sleep (Poe, Nitz, McNaughton, & Barnes, 2000), supporting 
theta’s role in memory consolidation during sleep. Specifically, Poe and colleagues (2000) 
found that hippocampal cells that were active when animals were in novel places tended to 
fire during theta peaks in REM sleep, whereas cells that were associated with familiar places 
tended to fire during the trough of the theta oscillation. Therefore, theta oscillation is 
implicated in memory consolidation through neural replay during REM sleep (Poe, 2017). 
Although the theta that can be measured via scalp EEG in humans is unlikely the same as the 
hippocampal theta measured in rodents, human memory studies have shown a relation 
between theta EEG and emotional memory consolidation during REM sleep (Hutchison & 
Rathore, 2015; Nishida et al., 2009). Our study suggests that theta oscillation during NREM 
might also play a role in hippocampal-dependent memory consolidation by showing a 
positive correlation between theta power and memory improvement. 

The current study has limitations. Even though our discussion on GABA receptor 
subtypes provides a plausible mechanism and intervention to increase spindles while 
preserving theta pharmacologically, alternative explanations about how decreased theta 
contribute to memory retention are possible. For example, it might be the case that as the 
number of spindles increased, theta power decreased as a simple side effect of the fact that 
a greater portion of each 30s epoch was taken up by sigma frequency activity. In this scenario, 
participants with “preserved” theta might be those for whom sigma power increased as a 
result of an increase in the amplitude of spindles, rather than the number or duration of 
spindles. Here, we showed that spindle density, but not sigma power, is positively correlated 
with memory, suggesting that the number of spindles contribute to memory, which weakens 
the possibility that spindle amplitude contributes to memory. However, a specific 
investigation of how theta and sigma independently and collectively contribute to memory 
is warranted. Other limitations include small sample size and that the dosage is not based on 
mg/kg. Factors like sex and BMI could influence the metabolism of zolpidem, which would 
increase the individual variability of the drug effect (Greenblatt et al., 2014). In addition, we 
were not able to tease apart the specific and potentially independent roles that theta and 
spindles may play in memory consolidation. Recent findings by Kim et al. (Kim et al., 2019) 
have demonstrated that SO and delta activity may support different and even opposing 
aspects of the memory process. It would be interesting to investigate how theta and spindles 
may contribute to different aspects of the memory process using a more complex memory 
task. For example, a memory task that distinguishes sensory rich content from non-sensory 
content to investigate the possibility that theta during NREM preferentially enhances 
sensory rich information (Fuentemilla et al., 2014; Karakaş et al., 2007). 

Taken together, this study demonstrates a positive role of zolpidem on overnight 
memory performance and highlights a role for spindle density and theta frequency power in 
these performance improvements. Furthermore, it provides additional support for the 
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critical role of sleep spindles as well as the coupling between SO and spindles in memory 
consolidation. Future studies are needed to tease apart mechanisms behind the role of NREM 
theta power and spindle–SO coupling on memory consolidation. 
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CHAPTER 4 Slow Oscillations Modulate Neural Correlates of Working Memory 
Efficiency 

 

Abstract 

Working memory (WM) is a cognitive process that temporarily stores and 
manipulates information to achieve a goal. Sleep, specifically slow oscillations (<1Hz) 
during slow wave sleep, has been shown to benefit overnight WM improvement. However, 
the neural mechanisms underlying sleep’s benefit on WM function remain unknown, which 
is the goal of the current study.  

Participants performed a WM task in the fMRI scanner before and after sleep, and 
the first part of their sleep was monitored by simultaneous EEG-fMRI. We examined WM-
related activation during the task and how it changed over sleep. To explore how SOs 
influence WM-related activation, we looked at correlations between activations in WM-
related regions overnight change and during SO compared to non-SO NREM sleep.  

We found that overnight sleep is linked to an increase in neural efficiency related to 
WM, as evidenced by a decrease in the recruitment of the precuneus during the WM task. 
Furthermore, SOs modulated the WM-related areas. There was increased connectivity 
between the precuneus and frontal as well as occipital areas, and decreased connectivity 
with other parts of the precuneus and lateral occipital area during OSPAN versus math 
overnight. During SO versus non-SO NREM sleep, there was decreased connectivity 
between the precuneus and frontal area. We also discovered a negative correlation 
between SO-induced WM activation and overnight WM activation changes in task-related 
areas that are specific to our dataset and the Ventral Attention Network.  

Overall, our findings provide important insights into the neural mechanism of WM 
over a night of sleep. Our study is the first to demonstrate the direct role of SOs in 
functional changes in the brain associated with WM. 

Introduction 
Working memory (WM) is a critical aspect of cognition that allows individuals to 

temporarily store and manipulate information to achieve a goal. Baddeley and Hitch 
proposed the modular WM model, which suggest that there are three components involved 
in the WM process: the phonological loop (or the verbal working memory), visuospatial 
sketchpad (the visual-spatial working memory), and the central executive which involves 
the attentional control system (Baddeley and Hitch, 1974; Baddeley, 2000b). Within these 
subcomponents, WM supports a wide range of cognitive functions that are fundamental to  
many everyday tasks, such as decision-making, problem-solving, and language 
comprehension (Baddeley, 1992; Conway et al., 2002; Engle et al., 1999). Due to its 
importance, understanding the neural processes that support WM has been a focus for 
decades of work in the field. Previous research has shown that WM engages a distributed 
network of brain regions, including the prefrontal cortex and parietal cortex (Chai et al., 
2018; Cohen et al., 1994; D’Esposito et al., 2000; Diwadkar et al., 2000; Levy & Goldman-
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Rakic, 2000).  Moreover, WM function depends on the successful allocation of attention 
both to the external environment as well as to internally maintained information, and 
studies have shown the involvement of two distinct attention networks when performing 
WM tasks: the dorsal attention network, comprised of the intraparietal sulcus (IPS) and the 
superior frontal gyrus (SFG), and the ventral attention network, involving the 
temporoparietal junction (TPJ), inferior frontal gyrus, the anterior insula, and the dorsal 
cingulate cortex (Corbetta et al., 2008; Majerus et al., 2006, 2012). The dorsal attention 
network is associated with top-down task-focused attention and WM load (Majerus et al., 
2018). The ventral attention network is thought to govern the bottom-up attention, 
typically engaged by stimuli that are novel, salient, or unexpected, and are not the primary 
focus of the current task (Asplund et al., 2010; Cabeza et al., 2012; Zhao et al., 2022). 

Despite the significance of WM in our everyday functioning, it is prone to age-
related decline. This decline is evident in the normal aging process and is particularly 
pronounced in adults older than 75 years old (Hale et al., 2011). Therefore, cognitive 
training to improve WM function has become a focus in this field. The hope is that by 
improving working memory, other cognitive functions will also improve, which could 
mitigate cognitive aging. Studies on WM training have challenged the traditional notion 
that WM capacity is a fixed trait, by demonstrating that working memory capacity can be 
enhanced through training and is subject to plastic changes (Au et al., 2015; Jaeggi et al., 
2008; Karbach & Verhaeghen, 2014). Specifically, Jaeggi and colleagues trained participants 
on a WM task for multiple days, and they found the extent of WM improvement is positively 
correlated with the number of train sessions. They also reported improved fluid 
intelligence as a result of WM training (Jaeggi et al., 2008). WM-training induced changes in 
brain activity include increased activation in the prefrontal (Miller et al., 2022) and parietal 
regions (Olesen et al., 2004), and decreased functional connectivity within the striatum-
prefrontal network (Lin et al., 2017), which might suggest increased neural efficiency after 
WM training. 

The WM training literature typically employs a multi-day training paradigm, which 
highlights the importance of offline processing as it allows time for sleep. Indeed, several 
studies have demonstrated that a period of sleep, compared to wake, between WM sessions 
can enhance subsequent WM performance(Zinke et. al., 2018; Kuriyama et al. 2008; Lau et 
al. 2015; Chen et al., 2020). In these studies, training adult participants on a WM task over 
several sessions improved accuracy of performance, but only if the interval between 
training sessions contained nocturnal sleep (Zinke et al., 2018; Kuriyama et al., 2008) or 
nap (Lau et al., 2015), compared to daytime wakefulness. It is also evident that sufficient 
sleep duration and quality play a functional role in WM performance. For example, sleep 
deprivation or restriction leads to a profound impairment in sustained attention and 
deficits in executive function (Goel et al., 2009; Lo et al., 2012). Sleep deprivation has been 
shown to negatively impact performance on WM-related tasks, such as digit span (Quigley 
et al., 2000) and N-back tasks (Choo et al., 2005). These effects are likely driven, in part, by 
altered functioning of frontal and parietal networks (Chee & Choo, 2004). Although studies 
have repeatedly demonstrated that a sleep-deprived brain, compared with a well-rested 
one, performs worse on WM tasks (Lo et al., 2012), the neural mechanisms underlying 
sleep’s benefit on WM function still remains unknown.  
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Several studies have reported a specific role of slow wave sleep (SWS) in cognitive 
processing during task, partly because it has been linked to synaptic plasticity and cortical 
reorganization (Tononi and Cirelli, 2003; Takashima et al., 2006; Dang-Vu et al., 2010).  For 
example, researchers demonstrated that digit span backward performance improvement 
following nocturnal sleep was positively correlated with SWS duration between training 
sessions (Scullin et al., 2012). Interestingly, SWS is markedly reduced with increasing age 
as well as in younger adults with dementia relative to the healthy population (Mander et al., 
2013). As Scullin et al (2012) linked WM improvements to relatively preserved SWS in 
neurodegenerative conditions, this suggests that age-related SWS reductions might explain 
why WM training is usually less effective in older compared to younger adults.  

Slow wave activity (SWA) has been shown to play a role in memory benefits of SWS. 
SWA refers to the slow, high-amplitude waves (<4Hz) that are observed in the 
electroencephalogram (EEG) during SWS. These waves reflect the synchronized firing of 
large populations of neurons in the brain (Cirelli, 2017; Maquet et al., 1997).  Increases in 
SWA in prefrontal areas after three weeks of WM training correlated with WM 
performance improvement (Pugin et al., 2015). Furthermore, SWA predicted WM gains 
across a period of sleep in both young (Ferrarelli et al., 2019a) and older adults (Sattari et 
al., 2019). Importantly, a potential causal role of SWA in WM improvement has been shown 
in one recent study. Participants with greater SWA induced by an acoustic slow-wave 
stimulation during nighttime sleep showed better WM improvement, compared to 
individuals who did not show enhanced SWA (Diep et al., 2020).  

A recent study has further pinpointed the WM benefit of sleep to slow oscillations 
(SO, <1Hz), which reflect fluctuations of the membrane potential and orchestrate 
transitions from neuronal silence (hyperpolarized downstates) to neuronal excitation 
(depolarized upstates) (Mölle & Born, 2011; Niethard et al., 2018). Slow oscillations refer 
to the oscillations that are less than 1Hz, while SWA includes delta frequency (1-4Hz). 
Specifically, this study showed SOs coupled with autonomic events positively correlate 
with WM improvement overnight (Chen et al., 2021a). The increased long-range causal 
communications across brain areas during SOs in the midst of broadly reduced 
communication during the rest of SWS might provide neural basis for SOs-related memory 
benefits (H. Niknazar et al., 2022). Furthermore, ventromedial prefrontal cortex, which is 
implicated in WM (Mukahirwa et al., 2021; Yin et al., 2021), has been shown to regulate SOs 
(Dang-Vu et al., 2010).  

Taken together, these studies support the role of sleep, specifically SOs during SWS, 
in WM performance. The next logical question is to explore how SOs modulate functional 
changes in the brain to facilitate memory processing. One potential hypothesis is that sleep, 
specifically SO, increases neural efficiency during WM. In other words, we hypothesize that 
during SOs, WM-related regions show increased activation and increased connectivity 
compared to NREM periods without SOs, leading to fewer resources needed during 
subsequent WM task after sleep and improved performance.  

This study aims to investigate the role of SOs in WM improvement by measuring 
how WM-related brain activity changes over a night of sleep (as a proxy for neural 
efficiency) and relating them to neural processing during SOs. We examine WM using the 
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operational span task (OSPAN), which measures the individual’s ability to maintain a set of 
items in their WM while performing a secondary task, such as doing simple math equations. 
In the evening, participants performed the OSPAN task in the fMRI scanner and then fell 
asleep while their brain activity was recorded using simultaneous EEG-fMRI. In the 
morning, participants were retested on the OSPAN task in the scanner. To increase the 
robustness of our data, each participant performed two sessions, with a 2-week washout 
period between sessions. Our analysis took two approaches, a data-driven analysis that 
examined how the brain activity associated with task performance changed across the 
night; and a priori network-targeted approach that focused on the Ventral Attention 
Network, to see how activity in this network was associated with SO brain activity. 
Specifically, we examine the correlation between overnight change in WM activity to 
activity during SOs. To our knowledge, this is the first study to examine how functional 
changes time-locked to SOs contribute to neural processing during WM (e.g. overnight 
changes in WM activity) using simultaneous EEG-fMRI. By addressing these questions, we 
hope to gain a deeper understanding of the neural mechanisms underlying WM and the 
role of sleep in shaping WM function.  

 
Methods 

Participants  

The study complied with the ethical standards of the relevant national and 
institutional committees on human experimentation and with the Helsinki Declaration of 
1975, as revised in 2008, and was approved by the University of California, Irvine, IRB 
committee (HS# 2020-5912). Sixty healthy females (18-40y) signed informed consents. 
Sixteen participants dropped out before the first experimental visit. Ten participants were 
excluded during or after the first experimental visit due to inability to sleep in the scanner. 
In total, 34 participants completed the entire study protocol consisting of two overnight 
visits. All participants gave written informed consent prior to participation. Participants 
had no current or past history of major psychological or medical conditions or sleep 
disorders, and additionally were not taking any medications (e.g., hypnotics) that would 
affect cognitive function or sleep. All participants included in the study reported consistent 
sleep habits in advance of the study, and reported sleep times before 1 am and wake times 
before 10 am. Participants completed the Morningness-Eveningness Questionnaire (Horne 
& Östberg, 1976) and Epworth Sleepiness Scale (ESS) as screening assessments. with an 
acceptable range between 6-21 for Morningness-Eveningness Questionnaire and <15 for 
ESS.  

Procedure  

All participants completed an orientation session to give consent and practice the 
OSPAN task, which occurred on a day prior to the experimental visits. During the practice 
session, participants practiced the OSPAN task by viewing it on a computer monitor and 
responding as they would with the response keypads in the MRI unit. After task practice, 
participants spent 15 minutes in a mock scanner to get familiarized with sleeping in the 

https://onlinelibrary.wiley.com/doi/full/10.1111/psyp.13701#psyp13701-bib-0030
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scanner. On each experimental visit, the participant arrived at 8 PM to undergo the T1 
structural scan. Participants then performed the OSPAN task, followed by a paired 
associate learning task (unrelated to the OSPAN task and beyond the scope of the current 
paper), while fMRI scanning was performed. Following the behavioral tasks and bedtime 
preparation, participants had the EEG cap placed on their heads. At around 11 pm, 
participants had a 2.5h sleep opportunity with continuous EEG-fMRI 
recording. Participants were provided with earplugs (~33 dB sound attenuation), 
comfortably bedded on a viscoelastic mattress, and covered with a light blanket. The lights 
were turned off and subjects were equipped with an alarm bell to alert the experimenter 
and terminate the scan at any time. After awakening, subjects spent the remaining night in 
the adjacent sleep laboratory, during which their sleep was monitored using OURA ring. 
Participants were woken up around 7:30 AM the next morning and returned to the scanner 
around 8 AM to perform the OSPAN task. 

 

Task and stimuli  

The task was 
programmed using 
MATLAB UI Figure; 
stimuli were 
displayed using 
a BOLDScreen32 LCD 
monitor (1920×1080 
pixels with a 120Hz 
framerate). 
Responses and 
reaction times (RT) 
were recorded using 
MR compatible 
response keypads. 
Participants 
performed the OSPAN 
task in a similar 
fashion to Faraco et 
al. (2011). Each run 
consists of fixed 
alternating conditions 
of OSPAN (O), Math 
(M), and Baseline, 
each lasting 28s. The 
OSPAN epochs were 
always followed by 21 

s Serial Recognition (R) epochs, in which participants identified the letter and the serial 
order in which it was presented from seven arrays of 4 letters in a multiple-choice 

Figure 4-1 (a) Experimental timeline, (b) WM task protocol 
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response manner. Each run contained a total of 17 epochs: 4 OSPAN + 4 Serial Recognition 
+ 3 Math + 6 Baseline. Within each epoch, this sequence of stimuli repeated 7 times. 
Participants performed 2 runs back-to-back during each session. During the Math 
condition, participants judged if a math equation was correct. An asterisk was shown in 
between the equations. During the OSPAN condition, participants also judged if equations 
were correct, but instead of showing an asterisk between equations, they were presented 
with a letter to remember in serial order. The Baseline condition requires participants to 
indicate if an arrow was pointing to left or right. Presentation of arrows alternated with the 
presentation of asterisks to make sure participants were paying attention. The Baseline 
condition was not included in further analyses.  

WM Task Behavioral Analysis 

We calculated performance as: number of correct letters recognized in the correct 
order divided by total number of letters in the string, which is 7; therefore, the maximum 
score is one. WM performance was evaluated by averaging all the trials across both runs for 
each session and each participant. Performance change between AM and PM tests 
(overnight change) was calculated for each visit to examine the overnight sleep effect. A 
paired t-test was conducted between the 2 visits for overnight change to measure a visit 
effect. Then, performance between 2 visits was averaged together, and a paired t-test was 
conducted between AM and PM sessions to assess a sleep effect.  

MRI Acquisition 

Participants were scanned at the Facility for Imaging and Brain Research at the 
University of California, Irvine on a 3 T Siemens Prisma MRI scanner (Siemens Medical 
Solutions), with a 32-channel head coil. High-resolution T1-weighted anatomical images 
were obtained using a standard MPRAGE sequence (TR = 2300ms, TE = 2 ms, flip 
angle = 8°, sagittal slices, 0.8 × 0.8 × 0.8 mm voxel size, field of view = 256 × 256 mm). 
Blood Oxygen Level Dependent (BOLD) functional scans (T2*-weighted) were acquired 
using an echo planar imaging (EPI) sequence (TR = 2240 ms, TE = 30 ms, flip angle = 90°, 
FOV = 216 × 216 mm, 40 transversal slices, slice thickness = 3 mm, dist factor = 10%, 
3.4 × 3.4 × 3 mm voxel size, continuous bottom-up slice acquisition order). These 
parameters were chosen to ensure that residual gradient artifacts (in the slice repetition 
rate of ~ 17 Hz) did not compromise the sleep spindle frequency. Each run of the OSPAN 
task consisted of 216 volumes and 4 dummy samples were discarded during the initial 
acquisition due to equilibrium effects.  

fMRI Preprocessing 

EPI volumes were slice-time corrected, co-registered, realigned, and transformed to 
Montreal Neurological Institute (MNI) space using fMRIPrep 1.4.0, with several 
confounding time-series calculated (see supplemental methods for more details; 
https://github.com/nipreps/fmriprep). The fMRI data were then additionally 
preprocessed and analyzed using statistical parametric mapping (SPM12, Wellcome Trust 
Centre for Neuroimaging, London, UK, http://www.fil. ion.ucl.ac.uk/) running on MATLAB 

https://github.com/nipreps/fmriprep
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(MathWorks, Natick, Massachusetts, USA). Functional data were smoothed using a 5 mm 
full-width at half-maximum Gaussian smoothing kernel (‘spm_smooth’ function).  

EEG Acquisition 

EEG was acquired with an MR-compatible 12-channel EEG cap (BrainCap MR, Easy-
Cap, Munich, Germany) according to the 10– 20 system (F3, F4, C3, C4, O1, O2, M1, M2). 
Skin resistance was kept below 5 kΩ (plus 5 kΩ safety resistors) using Abralyt 
HiCl electrode paste (Easycap) to ensure stable EEG recordings during the 2.5 hr sleep 
opportunity. Bipolar recordings of electrooculogram (outer canthi), electromyogram 
(chin), and electrocardiogram (on the backbone, ~ 25 cm below and above the heart) were 
acquired via MR-compatible Ag–AgCl cup electrodes with 10 kΩ safety resistors 
(EasyCap).  FCz was used as the reference electrode and Cz was used as the ground 
electrode. The data were recorded using BrainAmp MR plus DC and bipolar BrainAmp ExG 
MR amplifiers and the BrainVision Recorder (BrainProducts, Munich, Germany) with a 
resolution of 0.5 μV/bit at 5 kHz and filtered between 0.016 and 250 Hz. To reduce the 
gradient artifact and ensure precise timing between EEG and fMRI data, we used the 
SyncBox (Brain Products, Munich, Germany), which synchronizes the clock of the 
BrainAmp MR amplifier with the clock driving the MRI scanner's gradient switching 
system.  

EEG Preprocessing 

Online MRI gradient and ballistocardiographic artifact correction (BrainVision 
RecView V.1.2; BrainProducts) allowed online sleep monitoring. Removal of these artifacts 
for subsequent analyses was performed offline by adaptive template subtraction (Allen et 
al., 1998, Allen et al., 2000) using windows of 100 volumes and 50 pulses, respectively 
(BrainVision Analyzer V. 2.0; BrainProducts). EEG data were re-referenced to contralateral 
mastoids (M1 and M2) and sleep stages were visually scored in 30-second epochs by one of 
the authors, according to standard AASM criteria. To ensure the NREM sleep analyzed 
further were continuous stable NREM without transitions, epochs with movements or 
arousal were scored as ‘motion artifacts’ instead of N2 or N3. 

Slow Oscillations (SO) Detection 

SO events individually detected in the EEG data were used as predictors in event-
related fMRI analyses to assess fMRI activation during individual SO events (similar to 
Ilhan-Bayrakcı et al. 2022). SO troughs were detected for each channel automatically on 
MATLAB using the algorithm introduced by Dang-Vu et al., 2008 (Also used in Niknazar et 
al., 2022 PNAS and Chen et al. 2021 PNAS). EEG data were first band pass filtered with SO 
frequency range 0.7-1.4Hz using a Hamming windowed FIR filter. Hilbert filter were then 
applied to find phase and amplitude of the SO. Troughs (down-states) were detected when 
phase difference > 6. The up-states before and after each trough were then detected within 
1.5 seconds window before and after the troughs. SO events were defined as the pre-trough 
up-states of SOs (event onset) through the post-trough up-states of SOs (defined as event 
offset) (Massimini et al., 2004; Mölle & Born, 2011; Zhang et al., 2020). 

https://www.sciencedirect.com/science/article/pii/S1053811911012006?via%3Dihub#bb0020
https://www.sciencedirect.com/science/article/pii/S1053811911012006?via%3Dihub#bb0020
https://www.sciencedirect.com/science/article/pii/S1053811911012006?via%3Dihub#bb0015
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fMRI Analysis 

General Linear Models (GLMs) were used to assess fMRI activation and functional 
connectivity. First-level analyses (Model specification and estimation) were performed 
using SPM12. Scans were corrected for low-frequency trends in the GLM (high-pass filter 
with cut-off period = 111.111 seconds). Motion scans were checked using framewise 
displacement from fMRIprep’s 6 motion parameters (translation x y z; rotation x y z). 
Volumes with excessive framewise displacement (FD > 0.5mm) were accounted for by 
including nuisance regressors for each time point surrounding motion events (one TR 
before through to two TRs after FD > 0.5mm) (Power et al., 2015). Runs with excessive 
motion were not included in further analysis (% of excluded volumes greater than 2 
standard deviations from the mean across all OSPAN task runs). Nuisance regressors were 
included as covariates in all GLMs (outputs from fMRIPrep): high motion volumes, 6 
motion parameters (translation x y z; rotation x y z), the 1st derivative of the 6 motion 
parameters, and the top 8 anatomical CompCor (WM, CSF) components (Behzadi et al., 
2007).  

WM-related BOLD Activation 

Task regressors were created for each OSPAN, Math and Baseline block for a total of 
3 regressors (Math – Baseline, OSPAN- Baseline, Math – OSPAN). All of the 3 blocks have 
the same duration (28s), and onset times were calculated in 28s increments as the blocks 
alternate. To assess WM-related fMRI activation, e contrasted the OSPAN block with the 
Math block. The OSPAN vs Math contrast yielded regions likely associated with the high 
degree of cognitive control required during working memory tasks and the storage and 
retrieval of information. To assess WM-related activation regardless of the time of day 
(Figure 2a), OSPAN vs Math contrast beta maps were averaged across all 4 sessions (PM 
and AM sessions X 2 experimental visits) within each participant. To characterize pre vs 
post sleep working memory activations (Figure 2b), pre-sleep and post-sleep session beta 
maps across two visits were averaged within each participant, yielding an AM average and 
PM average. Sleep-dependent OSPAN changes (AM vs PM) were calculated using AM 
average – PM average within each participant.  

The beta maps of task activation (average across all sessions, or pre vs. post sleep 
changes) were used for group level analysis using a one sample t-test. Family-wise error 
(FWE) correction was performed using Randomise 
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/) with TFCE (threshold-free-cluster 
enhancement) methods and 50,000 permutations. Results are shown at the p < 0.05 level 
(FWE-corrected). The cerebellum was excluded in all analyses. We then defined data-
driven WM areas as the regions showing significantly greater OSPAN vs Math activation 
from the whole-brain group level analysis (Figure 2a positive clusters). We next asked 
whether regions engaged during WM showed overnight changes in activation by testing the 
AM vs PM comparison within the data-driven WM areas. We then further probed areas 
(Precuneus) showing significant AM vs PM activation changes (Figure 2c) by assessing the 
functional connectivity during the OSPAN task and during SOs (using them as a seed region 
for Psychophysiological Interaction (PPI) analyses). 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise/
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Sleep BOLD Activation 

An event-related design was used to model brain activity associated with SO events 
vs non-SO NREM (N2+N3 sleep). Within each run of sleep scans, scans were corrected for 
low-frequency trends ('spm_filter' function; high-pass filter with cut-off period = 111.111 
seconds). Next, to limit our analysis to stable NREM (N2+N3 sleep), artifact-free NREM 
epochs of duration > 100 TRs (224 seconds) were extracted and concatenated across runs 
(after low-frequency trends and the mean BOLD signal was removed). General Linear 
Models (GLMs) were performed upon the concatenated NREM data. SO event onsets were 
defined as the pre-trough up states of the slow oscillations, and event offsets were defined 
as the post-trough up states of the slow oscillations. A regressor was created to model 
activation related to SO events, based on these onsets and offsets. Nuisance regressors 
described above were included in these GLMs. The SO vs NREM contrast (Figure 4) yielded 
regions likely associated with the SO specific but not overall NREM processes. 

Psychophysiological Interactions (PPI) analyses 

To assess WM-related functional connectivity of regions showing overnight changes 
in thw OSPAN task, a PPI approach was used (implemented in SPM12). A GLM was built 
using the precuneus ROI as a seed region during the OSPAN task . The models included one 
regressor representing the task activation (OSPAN vs Math), one regressor representing 
the seed ROI time series, one regressor representing the PPI term (interaction between 
task and seed time series), and the covariates the same as the GLMs descripted 
above. Group-level one sample t-test was used on beta coefficient maps corresponding to 
the PPI term. As described above, FWE-correction was performed using randomise with 
TFCE (Figure 3a), to test where in the brain showed consistent PPI effects with the seed 
region. the same approach was applied to the NREM sleep data to assess changes in 
connectivity of the PPI seed during SO events. This was done by creating one regressor 
representing the SO events (SO vs NREM), one regressor representing the seed region, and 
one regressor representing the PPI term (Figure 3b). 

Correlations between Overnight OSpan Changes and SO Activity 

To assess whether changes in overnight WM activity may be related to neural 
processing during SOs, we examined correlations between these events using two distinct 
approaches. First, we asked whether variance in AM – PM OSPAN activity changes across 
individual sessions were related to variance in SO activation (Figure 5) on the voxel-wise 
level, using robust linear regression (the robustfit function in MATLAB) (Holland et al., 
1977). Multiple comparisons were corrected using the Benjamini and Hochberg method 
with a false discovery rate q < 0.05. Next, significant clusters with > 5 voxels were extracted 
using FSL Cluster function. Figure 5 scatterplot illustrated the average contrasts across 
voxels in the significant clusters, with each data point indicate SO activation from one night 
and its corresponding AM – PM OSPAN activity changes across the night.  

In addition to the data-driven approach mentioned above, we also used a network-
driven approach to examine relationships between overnight changes in WM activity and 
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SO activity. The goal of this analysis to examine whether variance in overnight WM 
activation changes across brain regions is related to SO activation in those brain regions. To 
do so we focused on pre-defined attention networks. Specifically, we looked at the Ventral 
Attention Network, defined using the 7-network parcellation of the human cerebral cortex 
from Yeo et al. (2011), shown on Figure 6a. We first ensured that this network is engaged 
in our WM task by examining the OSPAN vs Math contrast using Ventral Attention Network 
as an ROI. Next, we computed the AM – PM change in activation (contrast value) and SO vs 
NREM activation (contrast value), averaged across participants, for each voxel in the 
Ventral Attention Network. After averaging across participants, we performed robust linear 
regression to assess the correlation between overnight WM activity changes and SO 
activation across voxels within the Ventral Attention Network (Figure 6c). Statistical 
significance of the observed correlation was assessed using a non-parametric permutation 
test. Specifically, we created a null distribution by shuffling the labels between the AM and 
PM sessions and re-computing the correlation (N = 1000 permutations). The p value of 
correlation in Figure 6c was computed by comparing the observed correlation values to the 
null distribution. 

Results 

 

Table 3 Sleep architecture during EEG-fMRI recording 

 

Table 4 Sleep architecture throughout the night (in scanner + out of the scanner 
measured by OURA) 

Sleep Architecture 

 Minutes Mean(SD) 
TIB 139.71(42.08) 
TST 95.67(36.62) 
SOL 11.34(12.73) 
N1 10.64(12.79) 
N2 46.15(22.59) 
SWS 36.30(26.24) 
REM 1.87(6.97) 
WASO 16.42(23.99) 
SE(%) 69.98(21.93) 

Minutes Mean(SD)
TIB 493.24(73.78)
TST 366.06(108.39)
Light 197.28(58.12)
Deep 140.01(46.07)
REM 74.33(132.95)
WASO 49.46(32.01)
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On average, participants had 95.67 min (SD=36.62) total sleep time in the MRI 
scanner (Table 1). The average sleep latency was 11.34 min (SD=12.73). The average 
duration of N2 sleep was 46.15 min (SD=22.59) and 36.3 min (SD=26.24) for SWS. NREM 
sleep from 34 participants (67 nights) were included in the analyses (for individual sleep 
architecture, see Supplemental table 2).  

Throughout the night, participants on average were in bed for 493.24 min 
(SD=73.78), with a total sleep time of 366.06 min (SD=108.39). OURA categorizes NREM 
sleep into Light and Deep sleep, which we combined with N2 and N3, respectively (table 2).  

Behavioral Results 

Performance on the OSPAN task was significantly better during AM test (0.74+-
0.15) compared to PM test (0.77+-0.17) (t40=-2.12, p=0.04). When comparing the two 
visits, participants had lower accuracy at visit 1 (0.71+_0.16) compared to visit 2 
(0.76+_0.17) at PM test (t33=-3.00, p=0.005). For AM test, the two visits (visit 1 0.76+_0.18, 
visit 2 0.77+_0.19) had similar performance (t33=-0.67, p=0.51). There was no significant 
difference between the two visits on the overnight performance change (t33 = 1.38, 
p=0.18). Average RTs for the math equations were 2121.73 ms (SD=364.99) for the OSPAN 
blocks and 2093.09ms (SD=383.22) for the math blocks, which were consistent with prior 
studies (Faraco et al., 2011; Kondo et al., 2004). 

 

Working Memory-related Activation  

To extract regions associated with WM (WM-
related regions), we first examined the OSPAN vs Math 
contrast in the whole brain across all 4 sessions. During 
OSPAN compared to Math blocks, there was increased 
activation in several cortical and subcortical areas, 
including bilateral putamen, bilateral precentral, 
primary motor cortex, cingulate, bilateral caudate, 
bilateral insular, occipital area, and reduced activation 
in frontal and parietal areas, as well as subcortical 
regions including insular and precuneus (figure 2a, FWE 
corrected at p<0.05).  

To assess whether WM-related activation may 
differ between PM and AM sessions, we first analyzed 

each session separately. At PM test, we found widespread activation during OSPAN vs math 
encompassing the frontal and parietal areas, including 
the frontal pole, inferior frontal gyrus, supplementary 
motor cortex, the precuneus, cingulate, insular, 
putamen, pallidum, caudate, intracalcarine cortex, and 

supramarginal gyrus (figure 2b, FWE corrected at p<0.05). During AM test, overall less 

Figure 4-2 Task-related BOLD 
activation. (a) across all 4 sessions, (b) 
for PM and AM tests separately, and (c) 
change overnight 
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WM-related activation was present, including regions in the frontal area (supplementary 
motor cortex, inferior frontal gyrus), the precentral gyrus, and subcortical regions 
including cingulate, left pallidum, and left putamen (figure 2b, FWE corrected at p<0.05). 

To determine whether WM activation changed with sleep, we assessed the change in 
OSPAN vs Math contrast between the AM test and PM test within regions engaged during 
OSPAN vs. Math blocks (shown in Fig 2a). The precuneus region (MNI: 29.5, 22.2, 40.4) 
showed a significant decrease in activation overnight (FWE corrected at p<0.05). The 
reduced recruitment of this area during WM task over a night of sleep may suggest there is 
increase WM efficiency. We, therefore, defined this significant cluster in the precuneus as 
our Sleep Seed for subsequent PPI analyses. 

 

Functional connectivity between the Sleep Seed and working memory-related regions 

To investigate how the 
overnight change in precuneus 
associated with WM-related areas, 
we examined connectivity between 
our Sleep Seed in the precuneus and 
other WM regions in the OSPAN vs 
Math contrast (figure 3a, FWE 
corrected at p<0.05). In the OSPAN vs 
Math contrast, we found increased 
connectivity between precuneus and 
the occipital and frontal areas, 
including fusiform gyrus, precentral 
gyrus, middle frontal area, and 

supplementary motor cortex, but decreased connectivity between the precuneus and 
bilateral precuneus and lateral occipital area (figure 3a, FWE corrected at p<0.05). 

We also looked at the connectivity between our Sleep Seed and WM-related regions 
during SOs (the SO vs non-SO NREM contrast) to examine how SOs modulate WM-related 
regions (figure 3b, FWE corrected at p<0.05).  In the SOs vs Non-SO NREM contrast (figure 
3b), we saw decreased connectivity between the precuneus and frontal and parietal areas, 
while only the supplementary motor cortex survived multiple comparisons correction 
(FWE corrected at p<0.05), suggesting SO might play a role in reorganizing the WM 
network. 

 

Figure 3. PPI between the precuneus and task-related regions 
during (a) the WM task and (b) NREM SOs. 
Figure 4-3 PPI between the precuneus and task-related 
regions during (a) the WM task and (b) NREM SOs. 
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Working memory BOLD Activation during SO 

To better understand the relation 
between SO activation patterns and WM-
related regions, we examined if these WM-
regions were reactivated during SO 
events. We observed increased BOLD 
activation in WM-related subcortical 
regions during SO events compared to 
non-SO NREM. Specifically, there was an 
increased activation in the cingulate and 
right thalamus, and a decrease in 
activation in the insular, putamen, 
precuneus and intracalcarine cortex 
(figure 4, FWE corrected at p<0.05). These 
data suggest that WM-related regions are 
modulated during SOs, which begs the 

question of how task-related activations might be associated with the activations during 
SO. 

 

Figure 4-4 BOLD activation during individual SO events. 
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Correlation between 
working memory and 
SO BOLD activation 
across sessions 

To establish a 
link between SO-
related and WM-
related functional 
changes, we asked 
whether the variance 
in WM activation 
overnight changes 
across sessions was 
correlated with SO-
related activity. We 
found a negative 
correlation between 
WM overnight changes 
(AM-PM) and 
activation during SOs 
compared to non-SO 
NREM in 2 clusters, the 
vmPFC and the 
premotor cortex 
(figure 5, FWE 

corrected at p<0.05, cluster >5 voxels).  In other words, sessions with greater activity in 
these areas during SO had reduced activation during the task after a night of sleep, 
suggesting a role for SOs in increasing neural efficiency associated with WM improvement. 

 

Correlation between working memory and SO BOLD activation across the Ventral 
Attention Network 

The network-driven approach allows us to investigate the activity of pre-defined 
networks involved in WM; specifically, we looked at the ventral attention network (figure 

Figure 4-5 Correlation between activation during the WM task and SO. 
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6a). We first ensured that the ventral 
attention network was significantly 
activated during OSPAN vs math (p=0.0045, 
t=3.02) when averaging across all 4 
sessions.  

To investigate the potential role of 
SO-related functional activity in modulating 
the overnight changes in this network 
during our WM task, we then examined 
relationships between the AM-PM OSpan 
change and SO vs NREM BOLD activation 
contrasts (figure 6b). Across voxels in the 
ventral attention network, there was a 
negative correlation between the AM-PM 
and SO vs NREM BOLD activation contrasts 
(r=-0.27, p=0.01, permutation test). This 
indicates that voxels with more increased 
overnight efficiency during working 
memory task execution show more 
activation during SO. Ventral attention 
network activity during SO might facilitate 
increased neural efficiency of WM across a 
night of sleep. 

 

Discussion 

The aim of our study is to investigate 
the neural basis of WM improvement 
during sleep using simultaneous EEG-fMRI. 

To our knowledge, this is the first study to show a direct role of sleep events, specifically 
SOs, in WM-induced functional changes in the brain. Our findings reveal several important 
insights into the neural mechanism of WM over a night of sleep. Namely, overnight sleep is 
associated with an increase in WM-related neural efficiency, as shown by a decrease in 
precuneus recruitment overnight during the WM task. Moreover, the functional 
connectivity between the precuneus and other WM-related regions was modulated by 
sleep. Namely, there was increased connectivity between the precuneus and frontal as well 
as occipital areas decreased connectivity with other parts of the precuneus and lateral 
occipital area during OSPAN vs math overnight. During SO vs non-SO NREM sleep, there 
was decreased connectivity between the precuneus and frontal area. We also found a 
negative correlation between SO-induced WM activation and overnight WM activation 
changes in task-related areas that are specific to our dataset as well as the Ventral 
Attention Network.  

Figure 4-6 (a), schematic of the ventral attention 
network; (b), activation during task (left) and SO 
(right) in the ventral attention network; (c), 
correlation between overnight change during task 
and activation during SOs within the ventral 
attention network 
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Consistent with prior literature implicating the precuneus in WM processes, this 
region showed a significant reduction in activation during the OSPAN task after sleep in our 
study. WM tasks have consistently led to the activation in the posterior parietal area 
(Baddeley, 1992; Honey et al., 2000; Smith & Jonides, 1998). For example, one study 
showed that precuneus is the most predominantly activated area during a spatial WM task 
compared to other structures in the posterior parietal region (Wallentin et al., 2008). The 
precuneus is significant activated in a meta-analysis of 11 fMRI studies using a n-back WM 
paradigm(Owen et al., 2005) as well as in a MEG study using a similar task (Costers et al., 
2020). Moreover, the precuneus has been shown to reflect the cognitive demand of WM. 
Those who found the task more difficult and responded with a slower reaction time had 
more activation in the precuneus during a n-back WM task (Honey et al., 2000). Similarly, 
patients with schizophrenia showed hypoactivations in the precuneus and poorer 
performance during a n-back WM task, suggesting dysfunction of the precuneus impairs 
WM performance (Schneider et al., 2007). Studies have established a direct role of the 
precuneus in WM via transcranial magnetic stimulation (TMS). Specifically, TMS applied to 
the midline parietal site centered around the precuneus led to improved WM performance, 
whereas TMS applied to other regions such as frontal or occipital sites did not have such 
benefit (Luber et al., 2007). Our finding adds to this field by showing that overnight sleep 
may enhance WM via reduced need for precuneus recruitment during the OSPAN task. This 
reduction in precuneus recruitment may reflect a more efficient use of neural resources, 
allowing for WM improvement.  

After showing sleep led to increased neural efficiency for WM, the next logical 
question is: What are the specific neural mechanisms during sleep that led to increased 
neural efficiency during WM? To this end, our findings suggest that NREM SOs may play a 
role in reorganizing WM network. During SOs, we found a broad decrease in activation in 
the WM-related areas and a decrease in precuneus connectivity with other WM-related 
regions. The decrease in precuneus connectivity may reflect a shift in the decoupling of the 
precuneus from the network of WM-related regions. Indeed, improved WM performance is 
associated with distinct changes in different networks. A prior study reported improved 
WM performance after a 6-week WM training is associated with reduced functional 
connectivity in the default mode network including the precuneus, and increased 
functional connectivity in the frontoparietal network (Jolles et al., 2013). Furthermore, a 
reduction in brain activity during SOs is consistent with prior findings showing a broad 
decrease in activation in frontal and parietal areas as well as subcortical areas including the 
precuneus during NREM sleep using fMRI (Kaufmann et al., 2006) and PET (Maquet et al., 
1997). SWS has been thought of as a state of quiescence due to the studies showing that 
brain oxygen metabolism, cerebral blood flow, and glucose metabolism are decreased 
during this time in comparison to wakefulness and REM sleep (Czisch et al., 2004; Sawaya 
& Ingvar, 1989; Townsend et al., 1973). It is worth noting that we found increased 
activation in the cingulate and right thalamus during SOs compared to non-SO NREM 
periods, suggesting SOs modulate WM-related network by selectively activating specific 
areas while silencing others.  

Importantly, when probing the direct association between brain activity during SOs 
and during WM processing, we found that the more WM-related areas were activated 
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during SOs, the less they were activated after sleep compared to pre-sleep, suggesting that 
less resources were needed to perform the WM task. We observed this negative correlation 
between SOs-related activation and task-related activation using a WM-related mask 
derived from our data as well as a pre-defined WM-related network, the Ventral Attention 
Network, using two methods, across sessions and across brain regions within the Ventral 
Attention Network, respectively. Moreover, similar to our finding in SO-related increase in 
activation in selective subcortical areas, a study employing simultaneous EEG-fMRI 
reported significant BOLD signal increases in cortical areas including the inferior frontal, 
medial prefrontal, precuneus, and posterior cingulate during SWA (<4Hz), suggesting slow 
wave during NREM sleep might be associated with increased transient brain activities that 
are critical for memory.  

The specific neural mechanism underlying SOs’ role in modulating WM-networks 
remains to be explored, here we present two potential ways. Studies have shown that SOs 
in SWS promote synaptic downscaling, which involves the weakening of synaptic 
connections that have been strongly activated during wakefulness (Tononi & Cirelli, 2006). 
This downscaling process helps to maintain the stability and efficiency of neural networks, 
preventing them from becoming overloaded, and it can potentially facilitate cognitive 
functioning including WM by freeing up capacities for the encoding of new information 
during the upcoming wake period (Raven et al., 2018). The second potential mechanism of 
how SOs modulate WM-networks is through glymphatic clearance. The glymphatic system 
is responsible for brain-wide delivery of nutrients and clearance of waste via influx of 
cerebrospinal fluid (CSF) alongside perivascular spaces and through the brain (Jessen et al., 
2015). Specifically, SWS is associated with glymphatic clearance, as studies have reported 
that SOs are temporally coupled with and precede cerebrospinal glymphatic 
clearance(Fultz et al., 2019; Hablitz et al., 2019). The glymphatic system's primary function 
is to clear metabolic waste products and toxic substances that accumulate in the brain. By 
facilitating the removal of these waste products, the glymphatic system may help maintain 
the optimal functioning of the brain, including the networks involved in WM. Therefore, 
SOs are linked to synaptic downscaling and glymphatic clearance, which could be 
important for a range of cognitive functioning, including WM. SOs are mostly prevalent in 
the frontal area (Massimini et al., 2004), an area important for executive functioning and 
WM. 

Our studies have several limitations. The limited sleep duration and the amount of 
recorded sleep events during the scan made it impossible to differentiate between SOs in 
N2 and SWS. It remains to be explored how SOs modulate WM-related areas throughout 
the night as we were only able to collect EEG-fMRI data for the first sleep cycle. Moreover, 
our study focuses on WM-related functional changes during sleep. Previous studies have 
shown WM and episodic memory might compete for limited resources during sleep, and 
particularly SOs (Chen et al., 2022). Therefore, it will be interesting to investigate how SOs 
modulate episodic memory networks. 

In conclusion, our findings suggest that overnight sleep plays a critical role in the 
consolidation of WM by increasing neural efficiency and reorganizing the WM network. Our 
study highlights the importance of SOs in this process and suggests that task-related 
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reactivation during SOs might benefit neural efficiency during the task. These findings 
provide a basis to develop theoretic models on sleep-dependent memory benefit across 
different cognitive domains. It may also have implications for the development of sleep-
based interventions aimed at improving WM performance. 
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CHAPTER 5 Concluding Remarks 
 

In this dissertation work, I present a novel investigation into the neural mechanisms 
of sleep-dependent memory improvement across different domains utilizing multi-modal 
brain-imaging techniques. In the first study examining how sleep protects episodic memory 
against interference, I found that sleep rescues memories after interference has already 
occurred, and this effect is associated with SWA. In the second study, I established a causal 
role of sleep spindles and spindle-SO coupling in episodic memory consolidation overnight 
by enhancing sleep spindles pharmacologically. Then, I investigated how SOs and sleep 
spindles contribute to different memory domains and how they modulate specific memory 
networks, which is the goal for study 3. I reported that overnight sleep increases WM 
neural efficiency by decreasing the precuneus recruitment during a WM task. Specifically, 
SOs modulate the WM network by increasing activation in precentral and postcentral gyrus 
and decreasing activation in other WM-related areas. These three experimental studies 
suggest a theoretical hypothesis that sleep oscillations of a similar frequency could 
contribute to different memory domains. 

The three studies build on each other to provide a richer understanding of the 
neural mechanisms underlying sleep-dependent memory benefits across different 
cognitive domains. The findings suggest that while both WM and episodic memory rely on 
SOs, they may be supported by distinct neural mechanisms. One question that arises is how 
these different memory domains share the same resources during the night? Prior studies 
have found a positive correlation between WM and LTM, indicating that WM can boost LTM 
recognition while also constraining LTM encoding capacity (Cotton & Ricker, 2022; 
Forsberg et al., 2021). However, a study by Hoskin et al. (2019) demonstrated that memory 
reactivation during wakefulness can interfere with WM maintenance, suggesting that 
coordinated activity patterns triggered by memory reactivation across cortical regions, 
including the prefrontal cortex (PFC), could compete for resources needed for WM 
maintenance. These findings suggest that WM and episodic memory may be supported by 
separate neural mechanisms.  

In addition, studies from our group and others have reported behavioral trade-off 
between episodic LTM and WM. For example, one study demonstrated that cortical 
oscillations in the spindle range suppressed vagal autonomic activity using effective 
connectivity estimation, which is critical for WM performance (Friston, 1994, 2011). Our 
study showed that spindle activity was associated with a trade-off between enhanced post-
sleep episodic LTM at the cost of reduced WM improvement. Specifically, we found 
zolpidem, a GABA-a agonist, can enhance spindle activity and episodic LTM consolidation 
while impairing WM improvement compared to placebo (Chen et al., 2021b). Additionally, 
spindle-SO coupling was associated with a similar behavioral trade-off, with greater 
spindle-SO coupling associated with less WM improvement (Chen et al., 2021b).  

These interesting findings led my colleagues and I to propose the Sleep Oscillation 
Switch (SOS) model, for how these memory domains may interact during sleep. The SOS 
model posits that the brain toggles between the two memory processes, WM and LTM, via a 
complex interaction at the synaptic, systems, and mechanistic levels. We propose that sleep 
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is a competitive arena in which both memory domains vie for limited resources, and we 
have experimentally supported this hypothesis by showing that boosting one system leads 
to a functional trade-off in electrophysiological and behavioral outcomes in another, During 
the Long-Term Memory state, consolidation occurs via spindle-coupled SOs, which leads to 
reduced autonomic vagal-dependent activity and less WM improvement. During the 
Working Memory state, greater efficiency occurs during uncoupled SOs associated with 
increased autonomic vagal-dependent activity, which leads to reduced central spindle 
dependent activity and less LTM consolidation.  

Based on the SOS model, one could hypothesize that WM-related regions would be 
activated during uncoupled SOs to increase neural efficiency overnight. At the same time, 
episodic-related regions would be activated during spindle-coupled SOs to facilitate neural 
efficiency in the LTM network. In Chapter 3, I showed that spindle-SOs coupling is critical 
for episodic memory consolidation. The study described in Chapter 4 provides the initial 
support showing SOs modulate WM networks, and future studies are needed to compare 
the different functional changes associated with spindle-coupled SOs and uncoupled SOs. 
The pivotal role of SOs in memory consolidation is evident in both WM and episodic 
memory. However, upon closer examination, it becomes possible that the specific impact of 
SOs on each memory type varies, contingent upon the distinct networks they modulate. The 
possibility of dividing neural oscillations of similar frequency into more re-fined 
subdivisions based on their functional impact has been explored by recent studies. For 
example, Ngo and colleagues (2019) demonstrated a functional dissociation between delta 
and SOs, with delta waves facilitating forgetting while SOs are more likely to couple with 
spindles and promote episodic long-term memory consolidation (Kim et al. 2019, Ngo et al. 
2019). Additionally, Malerba and colleagues have categorized SOs into different categories 
using spatiotemporal characteristics demonstrating global, local, and frontal SOs (Malerba 
et al., 2018). Importantly, global SOs are more likely to couple with sleep spindles (Malerba 
et al., 2022), and be more related to episodic memory improvement (Niknazar et al., 2022). 
Together with my research, these findings suggest that what may initially appear as a 
singular wave, in this case SOs, can actually represent multiple distinct waves, each 
potentially contributing to specific memory networks. 

Here, I present several lines of research investigating how specific sleep events 
modulate different brain networks to contribute to episodic and WM. I highlight the 
importance of incorporating not only the temporal profile but also the spatial and 
functional characteristics when categorizing specific sleep events, as it will provide 
valuable insights into the intricate interplay among diverse cognitive domains during sleep. 
Specifically, I propose a potential subdivision of SOs into coarse categories based on the 
functional changes in specific structures, with SOs coupled with spindles as related to 
hippocampal reactivations critical for episodic memory, whereas uncoupled SOs related to 
WM networks. Categorizing sleep events based on not only the temporal profile, but also 
spatial and functional characteristics will help us understand the complex interplay 
between different cognitive domains during sleep. Understanding the neural mechanisms 
of sleep-dependent memory benefits across different cognitive domains is essential for us 
to gain insights in memory models. 
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