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Abstract 

Brain oscillations refer to rhythmic activity of neural populations, which can be observed in the 

human brain. The temporal structure of these oscillations can influence neural firing, and in turn 

affect information processing and synaptic plasticity. In this manner, oscillatory activity could shape 

the neural mechanisms of memory formation. Here we review how oscillations relate to human 

memory processes. To this end, we discuss the potential functions of oscillatory activity in different 

brain regions, such as the neocortex and the hippocampus. Furthermore, we discuss the potential 

role of neural oscillations during the different stages during memory formation, from encoding 

processes during wakefulness to offline processes during sleep. Studies which observe oscillations 

during memory experiments will be discussed alongside studies that manipulate oscillations 

attempting to behaviourally impact on memory. The reviewed literature suggests that oscillations 

may hold important answers as to how our brain manages to encode, maintain and consolidate 

memories.  

 

 



1. Introduction  

Why does the discussion of brain oscillations merit a whole chapter in a book devoted to human 

memory? Not too long ago, research on human brain oscillations was on the fringes of neuroscience, 

but this has changed dramatically in the past two decades. With a gradual shift in cognitive 

neuroscience from describing the role of single brain regions towards trying to understand how 

coordinated networks in the brain implement complex cognitive functions, it has become 

paramount to understand how such network coordination comes about. This is especially important 

for episodic memories, which contain heterogeneous types of information splayed across sensory 

domains and therefore specialized brain regions (i.e., the smell of salt water or sound of crashing 

waves can trigger a vivid visual imagery of a holiday experience on the beach).  

Brain oscillations are the product of rhythmic neural discharges, which are synchronized across large 

populations of cells. This large-scale synchrony leads to a signal strong enough to be recorded on the 

scalp using electrodes attached to the head (as is the case for EEG) or magnetic sensors surrounding 

the head (as is the case for MEG). But what renders these brain oscillations so important, warranting 

consideration when trying to understand human memory? One key reason is that a single neuron 

integrates the input from thousands of other neurons and is more likely to fire if this input is 

synchronized. Oscillations synchronize neural populations, allowing them to drive down-stream 

neurons (i.e. neurons they project to) and thus to get their message transmitted within the network 

(Buzsaki, 2010; Buzsáki, 2006).  

Another, and arguably even more important reason to consider brain oscillations to understand 

memory is that synchronous firing impacts on synaptic plasticity, i.e. the very structure that our 

memories are made of (Kandel, 2001). As postulated by Donald Hebb, cells that fire in synchrony 

also strengthen their physical connections at the synapse (Markram, Lubke, Frotscher, & Sakmann, 

1997). These two critical functions, i.e., regulating communication in distributed networks and 

facilitating synaptic plasticity highlight the importance of oscillations for human memory. Excitingly, 



beyond their passive recording during memory experiments, oscillations can also be actively induced 

by various forms of rhythmic stimulation. These oscillatory stimulation studies offer a unique handle 

on manipulating memory functions, which allows us to determine whether particular brain 

oscillations are of causal relevance for memory (Hanslmayr, Axmacher, & Inman, 2019).  

The aim of this chapter is to summarize the current state of the field of oscillations and human 

memory and highlight exciting questions for future research. To this end, we will focus on the role of 

brain oscillations during the different stages of memory formation, and will not discuss in detail the 

role of oscillations during memory retrieval (see (Staresina & Wimber, 2019) for a recent review of 

oscillatory dynamics during memory retrieval). This chapter is broadly organized into four parts. In 

the first part we explain some basic physiological principles and conceptual views of oscillations and 

their relevance for memory, which are necessary to understand the following sections. Thereafter 

we will cover the role of brain oscillations as investigated in the three most important stages of 

memory formation: (i) online processing (i.e. during perception of the event), (ii) maintenance in 

working memory (processes immediately after perceiving the event), and (iii) consolidation 

processes during post-encoding rest (offline) periods. 

2. Basic physiological principles of oscillations and relevance for memory  

Oscillations are generated by rhythmic discharges of large populations of neurons. These discharges 

arrive at the dendrites of neurons and generate a small voltage change outside the neuron, which is 

referred to as the Local Field Potential (LFP). If these incoming discharges arrived in an irregular 

manner, we would record only small irregular electrophysiological signals (see Figure 1). However, if 

the incoming discharges are synchronized and rhythmic, then their individual potentials sum up and 

generate a rhythmic signal large enough to be recorded not only outside the cell but even outside 

the head (Buzsaki, Anastassiou, & Koch, 2012; Lopes da Silva, 2013). These rhythmical brain signals 

are referred to as brain oscillations and are divided into different frequency bands and named with 

letters from the Greek alphabet, i.e. delta (~1-3 Hz), theta (~3-8 Hz), alpha (~8-13 Hz), beta (~13-30 



Hz) and gamma (~30-80 Hz), which is a non-exhaustive list but mentions the most relevant 

oscillations for this chapter. Because neurons integrate over incoming spikes they can easily join a 

network of synchronized and rhythmically discharging neurons and propagate the population 

rhythm to other regions. Recording these rhythmic population signals is akin to recording the sound 

in a sports arena with a microphone hanging from the ceiling. A sudden increase in volume, 

produced by synchronized shouts of spectators, tells us that something important happened (even if 

we don’t have access to other information), and quite often supporters engage in rhythmic clapping, 

shouting, etc. to cheer their team on.  

The powerful nature of this synchronization mechanism, which bears the risk of overpowering other 

important functions, necessitates the need to balance synchronization with desynchronization. 

Indeed, uncontrolled hyper-synchronization of neural activity underlies epileptic seizures and 

prevents controlled movement in Parkinson’s disease (to name just two pathological conditions 

induced by excessive synchronization). The healthy brain strikes a delicate balance between states of 

more synchronized activity and states of less synchronized activity, both of which are important for 

memory processes. For instance, neural activity in the hippocampus, a most critical region for 

memory processes (see ), is often highly synchronized, partly because it is clocked by other regions 

(i.e. the septum) and partly because it is very densely interconnected (Colgin, 2013). According to 

the Complementary Learning Systems framework (see Chapter XX), the hippocampus facilitates the 

formation of cortical connections among neurons coding for a specific event. For episodic memories, 

these connections have to be formed quickly and efficiently since a particular episode is only 

experienced once. Animal work has shown that neural firing gated by theta and gamma oscillations 

in the hippocampus allows for such efficient plasticity mechanisms to take place (Huerta & Lisman, 

1995; Hyman, Wyble, Goyal, Rossi, & Hasselmo, 2003; Jutras & Buffalo, 2010; Pavlides, Greenstein, 

Grudman, & Winson, 1988; Wespatat, Tennigkeit, & Singer, 2004). Indeed, theta and gamma 

oscillations are two dominant rhythms present in the human hippocampus (see Figure 2).  



The hippocampus, however, is believed to only hold a sparse ‘index’ to an episodic memory (Teyler 

& DiScenna, 1986), with the cortex holding all the rich sensory and semantic information that makes 

up the memory’s content. Oscillations are also abundantly present in the neocortex, with the most 

pronounced oscillation being the alpha rhythm (~10 Hz; Figure 2). Alpha oscillations have also been 

shown to be critically related to memory processing but in a slightly different way than theta and 

gamma oscillations in the hippocampus. In the human and primate hippocampus gamma oscillations 

typically show an increase in synchronization measures (i.e. narrow band power, coupling of neural 

spikes to LFP, etc.) with increasing memory demand/success (Jutras, Fries, & Buffalo, 2009; 

Sederberg et al., 2007). Concerning theta oscillations, the picture is less clear with both power 

increases and power decreases being linked to memory demand/success (Herweg, Solomon, & 

Kahana, 2020). Concerning alpha oscillations, however, a different pattern emerges which is very 

consistent across studies. Areas which actively hold a representation typically increase in neural 

activity (i.e. firing rate) which leads to a de-synchronization in alpha oscillations as measured by a 

decreases in narrow band power. This counterintuitive behaviour of increase in neural activity (i.e. 

spiking) and decrease in alpha occurs because single units break ‘free’ from the rhythmic population 

activity (Parish, Hanslmayr, & Bowman, 2018). This contrasts with areas which are not engaged or 

actively inhibited and which synchronize in alpha (Hanslmayr, Staresina, & Bowman, 2016; 

Hanslmayr, Staudigl, & Fellner, 2012; Jensen & Mazaheri, 2010; Klimesch, Sauseng, & Hanslmayr, 

2007). How this complex behaviour of alpha oscillations supports memory is a matter of current 

investigation, and will be discussed in more detail below. However, it demonstrates that different 

synchronizing and de-synchronizing behaviours are present in different brain regions, each assumed 

to play a different role in the service of memory. Moreover, the oscillatory profile of the brain 

depends on our current state. For instance, our brain rhythms look markedly different during sleep 

compared to being awake. These “offline” states and their accompanying rhythms are particularly 

relevant for memory formation. That is, when no interfering new information is perceived, the brain 

can solidify and organize previously acquired knowledge. In the next two sections we will consider 



the role of brain oscillations during “online” processing as it first happens during the initial 

perception of an event (Section 3), and second during the maintenance of that information that has 

just been perceived (Section 4). We end with a discussion of the role of oscillations during “offline” 

states, when previously encoded memories are consolidated (Section 5). 

3. The gate-keepers: Oscillatory mechanisms during the initial processing of an event 

During everyday life we perceive numerous events. Some of these we will remember later, many of 

them we will forget. Here we review studies investigating oscillatory mechanisms during the initial 

perception of an event, which are the determinants for whether memory formation takes place. To 

this end, we will take a close look at those oscillatory mechanisms that give “birth to a memory” 

(Otten & Rugg, 2002). We use the word mechanism deliberately by which we refer to “… a system of 

causally interacting […] processes that produce one or more effects.” 

(https://en.wikipedia.org/wiki/Mechanism_(biology).  In the case of memory, oscillations would be 

causally interacting processes, which produce memories via impacting on neural firing and hence on 

the physical connections between neurons. It should be acknowledged, however, that this rather 

strong statement describes the aim for future oscillatory memory research, rather than the status-

quo of the field. Albeit burgeoning studies begin to suggest a causal role of oscillations for memory 

(see Hanslmayr et al., 2019), establishing such causal links between entrained/induced oscillations 

and behaviour is all but trivial (Bergmann & Hartwigsen, 2020). Most of the work to tighten this 

relationship therefore still lies ahead, which indeed represents a most exciting opportunity for future 

students. 

Most of the below described studies used a paradigm referred to as the “Subsequent Memory” or 

“Differences in Memory” Paradigm (Paller & Wagner, 2002). In this paradigm neural activity is 

recorded during the processing of discrete events and then back-sorted based on whether the 

events are remembered in a later test or not. Although this paradigm is not without limitations 

(Fellner & Hanslmayr, 2017; Hanslmayr & Staudigl, 2014), it has delivered a quite coherent picture of 

https://en.wikipedia.org/wiki/Mechanism_(biology)


how different oscillations in different parts of the brain correlate with the formation of a memory. 

The main limitation of this paradigm lies in its unspecificity, such that a number of neural 

mechanisms can correlate with later memory success, regardless of the exact process they reflect 

(i.e. from basic arousal to attention to binding of an item to its context, etc.). Furthermore, a neural 

correlate is different from a neural mechanism, because a neural correlate can be epiphenomenally 

linked to memory, meaning that it does not have to cause memory. The best way to distinguish a 

mechanism from an epiphenomenon is by conducting studies which manipulate oscillations in some 

way (e.g. via electrical stimulation) and test whether such manipulation entails a change in the 

associated behaviour (Hanslmayr et al., 2019).   

Finally, a brief discussion of signal processing is warranted here (see (Cohen, 2014) for an in-depth 

overview of electrophysiological signal processing). Any electrophysiological signal is complex as it 

contains signals of several different frequencies. In order to arrive at estimates of activity for 

different brain rhythms some form of frequency decomposition is usually applied (i.e., Wavelet or 

Fourier transforms). Importantly, changes which are not of oscillatory nature also occur and affect 

the estimates in different frequency bands, which can then be misinterpreted as a change in 

oscillatory activity. More specifically, any electrophysiological signal recorded from the brain 

typically follows a 1/f pattern, which refers to the fact that amplitudes decrease as frequency 

increases. A change in irregular neural activity can also affect this 1/f pattern, such that an increase 

in neural activity leads to a change in the slope of the 1/f pattern, which takes the form of a 

decrease in low frequencies accompanied by an increase in high frequencies. It is therefore 

important to distinguish between changes of this 1/f shape and changes in distinct oscillatory 

frequency bands (Miller, Sorensen, Ojemann, & den Nijs, 2009; Voytek et al., 2015; Wen & Liu, 

2016). Addressing this issue, a recent subsequent memory study (Fellner et al., 2019) found that the 

formation of memories was accompanied by a complex change in multiple frequencies. These 

changes included theta, alpha/beta and gamma oscillations. Importantly, the different frequencies 

could be dissociated in time (gamma oscillations occurred before theta oscillations), space 



(alpha/beta oscillations were evident over different areas compared to gamma oscillations), and by 

experimental conditions (some conditions induced effects in alpha/beta whereas others did not). 

This study therefore strongly suggests that different oscillations play different roles during the 

formation of episodic memories. Below we consider each of these frequency bands separately, going 

from slow to fast oscillations, i.e. from theta (~4 Hz) to alpha/beta (~10 / 15 Hz) to gamma 

oscillations (~40 Hz). 

3.1. Theta oscillations (~4-8 Hz)  

The theta rhythm is well described in the rodent hippocampus where its critical role for spatial 

navigation, but also a role for memory encoding and retrieval has been discussed in various models 

(Hasselmo, 2005; Ketz, Morkonda, & O'Reilly, 2013). Theta rhythms have been found in the human 

cortex (Kahana, Sekuler, Caplan, Kirschen, & Madsen, 1999) and hippocampus (Aghajan et al., 2017; 

Ekstrom et al., 2005; Mormann et al., 2005) where it also has been related to spatial navigation and 

memory processes. However, while the hippocampal theta rhythm is very clearly observable in 

rodent recordings, theta rhythms in humans are less clear and appear in ‘bouts’ rather than being a 

stationary signal (Kahana et al., 1999; Suthana et al., 2012). Another difference is that human theta 

rhythms can be slower, fluctuating around 4 Hz rather than 8 Hz as is the case in rodents (Jacobs, 

2014).  

Given its prominent role and link to the hippocampus, much research has focused on studying the 

theta rhythm during the initial stages of memory encoding using the subsequent memory paradigm. 

One of the earliest studies in that regard showed that increased theta power during encoding is 

indeed beneficial for memory (Klimesch, Doppelmayr, Russegger, & Pachinger, 1996), a finding 

which has been replicated several times since (Backus, Schoffelen, Szebenyi, Hanslmayr, & Doeller, 

2016; Lin et al., 2017; Osipova et al., 2006; Staudigl & Hanslmayr, 2013). However, several studies 

(some of which have very large sample sizes) found the opposite pattern of decreased theta power 

during trials that were later remembered compared to later forgotten trials (Burke et al., 2013; 



Fellner et al., 2016; Greenberg, Burke, Haque, Kahana, & Zaghloul, 2015; Guderian, Schott, 

Richardson-Klavehn, & Duzel, 2009; Sederberg et al., 2007). At the moment there is no definitive 

answer as to how to reconcile these opposing findings, but a few suggestions have been offered. For 

instance, Lega et al. (B. C. Lega, Jacobs, & Kahana, 2012) showed that there might be two theta 

rhythms, a slow one at ~3 Hz and a fast one at ~8 Hz. Whereas the slow rhythm increases during 

successful memory formation, the fast one decreases (see (Pastotter & Bauml, 2014) for a similar 

finding). Whether to observe decreases or increases might therefore depend on the exact frequency 

of theta. A study by Staudigl & Hanslmayr (2013) showed that different testing conditions are also a 

critical factor, with testing conditions which match the encoding conditions producing a positive 

subsequent memory effect (i.e. theta increase to predict memory), and testing conditions which 

don’t match the encoding condition producing a negative subsequent memory effect (i.e. theta 

decrease to predict memory). Another reason for the different findings might be differences in signal 

processing, for instance whether oscillatory signals were separated from a change in the 1/f pattern 

or not (Miller et al., 2009; Voytek et al., 2015). Additionally, as briefly mentioned in Section 3, the 

subsequent memory paradigm is quite unspecific and likely subsumes a number of neural processes 

which relate to successful memory. Consequently, a mix of changes in the 1/f spectrum and theta 

oscillatory activity can be expected, the balance of which will produce negative or positive theta 

power effects (Herweg et al., 2020).  

All of the above reviewed studies considered theta power as the parameter of interest. Another 

important parameter, however, is theta phase. The phase of an oscillation refers to the point within 

a cycle (e.g. peak, zero-crossing, trough). A seminal study by Rutishauser et al. (Rutishauser, Ross, 

Mamelak, & Schuman, 2010) measured theta oscillations in humans during a memory task together 

with single neuron firing in the medial temporal lobe (Figure 3A). Their findings showed that trials at 

which neurons fired at a consistent theta phase were more likely to be remembered compared to 

trials where neurons fired inconsistently. Theta power, however, did not relate to memory in this 

study. As described above, oscillations have the ability to synchronize networks distributed in the 



brain, which can be measured by phase consistency between brain regions. Accordingly, increased 

theta phase coherence between brain regions has also been reported to index successful memory 

formation (Backus et al., 2016; Solomon et al., 2017; Sweeney-Reed et al., 2014). The networks 

appear to be widespread, involving the MTL and hippocampal subregions (Solomon et al., 2019), the 

cortex (Solomon et al., 2017), fronto-hippocampal connections (Backus et al., 2016) as well as 

connections between the anterior thalamus and cortex (Sweeney-Reed et al., 2014). Going beyond 

correlative approaches, recent studies aimed to manipulate theta phase connectivity in an attempt 

to change memory performance. Using sensory rhythmic stimulation, which is a technique whereby 

images or sounds are presented (i.e. flickered or fluttered) at a specific frequency (see Hanslmayr et 

al., 2019), two studies induced theta oscillations that were either coupled or uncoupled between 

visual and auditory regions. Both studies found evidence for a causal role of theta phase synchrony 

for memory formation (Clouter, Shapiro, & Hanslmayr, 2017; Wang, Clouter, Chen, Shapiro, & 

Hanslmayr, 2018) in showing that higher memory performance was obtained for trials where 

stimulation was applied in a synchronous rather than an asynchronous manner. Together, these 

studies draw a consistent picture of the relevance of theta phase as a network communication 

mechanism to support memory formation.  

The findings described above align with the idea that theta phase is particularly important for 

memory as it may represent time windows for synaptic plasticity (Fell & Axmacher, 2011). It has 

been demonstrated in animals that the firing of neurons at the peak or at the trough of hippocampal 

theta has opposing consequences for synaptic plasticity, with the former inducing long-term 

potentiation and the latter inducing long-term depression (Holscher, Anwyl, & Rowan, 1997; Huerta 

& Lisman, 1995; Hyman et al., 2003; Pavlides et al., 1988). It thus follows that if cortical input is 

synchronized in theta it has a higher chance on arriving at the same theta phase in the hippocampus. 

Since theta oscillations modulate synaptic plasticity, we can expect to see larger changes at the 

synapses if input is synchronized at theta, compared to asynchronous inputs. Theta oscillations 



might therefore reflect binding mechanisms at the hippocampal level, which are necessary to bind 

information processed in distributed cortical networks (Hanslmayr et al., 2016). 

3.2. Alpha (~10 Hz) and Beta (~15 Hz) oscillations 

Neuronal oscillations in the alpha (~10 Hz) and beta (~15 hz) band were first discovered by Hans 

Berger in the late 1920s by EEG recordings (H. Berger, 1931). For decades it was believed that alpha 

oscillations reflect a state of relaxation or idling (Pfurtscheller, Stancak, & Neuper, 1996); however, it 

is now clear that they play a much more active role in for cognitive functions. Alpha and beta 

oscillations have both been found to track memory formation in a number of subsequent memory 

studies. Although being two different frequency bands, which show dissociable behaviours in the 

motor domain (Brinkman et al., 2016), alpha and beta oscillations appear to be strongly correlated in 

subsequent memory studies, which is why we consider them as unitary here. The hallmark of 

alpha/beta oscillations is that they typically decrease their amplitude in a cortical region that is 

engaged in a task. It therefore is not surprising that a first study observed stronger alpha power 

decreases during encoding for items which were later remembered compared to items that were 

later not remembered (Klimesch, Schimke, et al., 1996). This finding has been replicated many times 

since, often showing concurrent beta power decreases alongside alpha decreases during successful 

encoding (Fellner, Bauml, & Hanslmayr, 2013; Hanslmayr, Spitzer, & Bauml, 2009; Hanslmayr et al., 

2011; Sederberg et al., 2007). Decreases of alpha/beta power are considered one of the most robust 

markers for successful episodic memory encoding (Hanslmayr & Staudigl, 2014). We are only aware 

of two exceptions of this finding, where alpha power increases rather than decreases have been 

reported to predict memory formation (Fellner et al., 2016; Meeuwissen, Takashima, Fernandez, & 

Jensen, 2011). Of note, these alpha power increases were observed over posterior regions. These 

two studies used special encoding instructions which put a strong emphasis on mental imagery, 

which likely led to active inhibition of posterior (visual) regions and hence alpha power increases as 



seen during working memory maintenance task (Jensen & Mazaheri, 2010; Klimesch et al., 2007), as 

discussed in section 4. 

Alpha/beta power decreases during memory formation are regionally specific, that is they occur 

over posterior/occipital cortex during perception and encoding of visual information (Fellner et al., 

2019; Noh, Herzmann, Curran, & de Sa, 2014) but over left prefrontal and temporal regions during 

encoding of verbal information (Fellner et al., 2019; Hanslmayr et al., 2011). This suggests that 

alpha/beta power decreases in the cortex are a marker for the engagement of domain specific 

modules, whereby stronger alpha/beta power decreases indicate stronger levels of information 

processing and a higher likelihood of memorizing that information. If this hypothesis is correct we 

can make two predictions. The first is that externally inducing synchronized oscillations at 

alpha/beta during encoding should impair memory formation, because such stimulation would make 

information processing less effective. This prediction was confirmed in a study using repetitive 

transcranial magnetic stimulation (rTMS), which is a technique that uses rhythmic magnetic pulses in 

order to entrain a specific brain region. An rTMS study stimulated the left prefrontal cortex at 

various frequencies and showed that only stimulation at the beta frequency (~18.5 Hz), but not at 

other frequencies, caused memory impairment (Hanslmayr, Matuschek, & Fellner, 2014). By 

showing that synchronization at beta impairs memory formation, this study suggests that a 

desynchronization of left prefrontal beta oscillations is causally relevant for memory formation.  

A second prediction is that alpha/beta power decreases should relate to information processing. 

More specifically, alpha/beta power decreases should benefit information processing because they 

increase the potential for information coding in a neural population (Hanslmayr et al., 2012). This 

idea is referred to as the Information via Desynchronization Hypothesis, which simply argues that 

neural desynchronization increases the amount of information that can be neurally encoded 

because it allows the individual neurons to transmit individual messages as opposed to all of them 

transmitting the same message (Schneidman et al., 2011). If this is true then the ability of decoding 



information from neural patterns should be inversely related to alpha/beta power. This prediction 

was confirmed in several recent memory studies which showed that (i) information can be 

specifically decoded from desynchronized alpha oscillations (see Figure 3B) (Michelmann, Bowman, 

& Hanslmayr, 2016; Michelmann, Staresina, Bowman, & Hanslmayr, 2019) and (ii) that the fidelity of 

represented information negatively correlates with alpha/beta power (B. J. Griffiths et al., 2019).  

Together the above reviewed studies consistently demonstrate a central role of alpha/beta power 

decreases in memory formation. First, we can say that a decrease in alpha/beta indicates cortical 

processes which are beneficial for later memory during the processing of an event. Second, 

alpha/beta power decreases are causally relevant for memory encoding. And third, alpha/beta 

power decreases allow for the representation of information-rich content. This latter aspect may 

explain why alpha/beta power is so tightly related to memory encoding. For instance, one influential 

theory in memory posited that memories are but a by-product of the processes occurring during 

perception of the event (Craik & Lockhart, 1972). In allowing this information to be more faithfully 

represented during perception, decreases in alpha/beta oscillations therefore are a strong predictor 

for later memory retrieval. A reader familiar with the rich literature on attention and oscillations will 

note that alpha/beta power decreases have been linked also with increased levels of attention 

(Poeppel, Mangun, & Gazzaniga, 2020). Some theories regard attention as the gate-keeper to 

episodic memory (Moscovitch, 2008), therefore the strong links between alpha/beta power 

decreases and memory are not too surprising. 

3.3. Gamma (~40 – 80 Hz) oscillations 

Oscillations in the gamma frequency appear in a range between 40 and 80 Hz in the human brain 

and therefore describe rather fast rhythmic neural discharges compared to alpha/beta or theta. 

Because of their relatively narrow time window gamma oscillations have the ability to precisely 

synchronize neural events, with neural spikes co-occurring in a time window between 8 to 12 

milliseconds. This precise synchronization may be particularly relevant for memory because a 



synaptic plasticity mechanism known as Spike Time Dependent Plasticity (STDP) (Bi & Poo, 2001) 

relies on such precise temporal coordination between pre- and post-synaptic spikes. Simply put, 

STDP dictates that synaptic modification between a sending and a receiving neuron decreases 

exponentially with increasing time intervals between sending an output and receiving the input. 

Gamma oscillations may provide such precise temporal coordination and affect memory via 

impacting on STDP (Jutras & Buffalo, 2010; Wespatat et al., 2004).  

A first demonstration for the role of gamma oscillations for human memory formation comes from a 

study by Fell et al. (2001) who recorded intracranial EEG from the rhinal cortex and the hippocampus 

in patients with epilepsy performing a memory task. Using the subsequent memory procedure Fell 

et al. demonstrated that items which were later successfully retrieved were characterized by higher 

gamma synchronization (i.e. phase coupling) between rhinal cortex and hippocampus. Since the 

rhinal cortex is a critical input region into the hippocampus this finding suggests that gamma 

oscillations play a critical role in routing information from the cortex to the hippocampus. It should 

be noted, however, that a recent study did not replicate this result (Solomon et al., 2019).  

Further subsequent memory studies confirmed a critical role of gamma oscillations in the primate 

(Jutras et al., 2009) and human hippocampus (B. Griffiths et al., 2019; Lin, Umbach, Rugg, & Lega, 

2019; Park et al., 2014; Sederberg et al., 2007) showing that increased synchronization, in most cases 

measured with increases in power, indicates successful memory formation. In the rodent literature, 

at least two gamma oscillations have been shown to co-exist in the hippocampus, whereby a slow 

gamma around 40 Hz indicates memory retrieval processes and a fast gamma oscillation around 60 

Hz indicating memory encoding processes. A first hint for a dissociation between high and low 

gamma oscillations in the human hippocampus comes from Park et al. (Park et al., 2014), who 

demonstrated that high and low gamma power is differentially related to memory performance in a 

spatial navigation task. A recent intracranial EEG study was able to more tightly link fast and slow 

gamma oscillations (as measured with power) to specific encoding and retrieval operations (B. 



Griffiths et al., 2019), showing that an increase in fast gamma specifically indicated successful 

encoding whereas an increase in slow gamma specifically indicated successful retrieval (Figure 4A). 

Distinct slow and fast gamma oscillations might therefore reflect the balance of activity between 

different hippocampal subfields (see Chapter XX), with fast gamma reflecting entorhinal input into 

CA1 during encoding, and slow gamma reflecting CA3 output during retrieval (Colgin et al., 2009).  

Memory relevant gamma oscillations have also been demonstrated in cortical regions (Kucewicz et 

al., 2019). In the human and primate cortex gamma oscillations are best described in the visual 

system where they play a crucial role in forming transient networks to allow feed-forward routing of 

information (Bastos et al., 2015). Using the subsequent memory procedure, two studies 

demonstrated increased gamma power in the visual cortex for later remembered compared to later 

not-remembered items (Fellner et al., 2019; Osipova et al., 2006). These effects were found with 

MEG recordings as well as with intracranial EEG recordings. Both studies used visually presented 

material and interpreted the gamma effect to reflect early perceptual processes, which support 

memory formation at an initial level. Whether similar effects are present for acoustically presented 

material remains to be seen.  

The fact that gamma oscillations (i.e. gamma power) are often positively correlated with memory 

formation across studies raises the question of whether gamma oscillations play a mechanistic, i.e. 

causal role for memory formation. Unfortunately, not many stimulation studies have been 

conducted targeting gamma oscillations to test whether manipulating gamma oscillations during 

encoding impacts on memory. One study, which stimulated the entorhinal cortex with 50 Hz found 

enhanced memory performance following stimulation (Suthana et al., 2012), however, this effect 

was not replicated in a larger sample which even found a small decrease in memory performance 

after stimulation (Jacobs et al., 2016). Another study examined in-phase vs anti-phase stimulation 

between rhinal cortex and hippocampus, thus mimicking a condition found to benefit memory in an 



earlier study (Fell et al., 2001), however, only a trend towards better memory performance for in-

phase vs. anti-phase stimulation was obtained (Fell et al., 2013). 

3.4. Interacting oscillations: Putting the pieces of the puzzle together 

The above findings suggest that all brain oscillations, from theta to alpha/beta to gamma, play a role 

for memory formation in one way or another. The above reviewed literature also suggests that 

different oscillations seem to play different roles in the service of memory, as opposed to reflecting 

one monolithic memory building process (Burke et al., 2013; Fellner et al., 2019). Like players in a 

football team, these individual processes must cooperate in a specific manner to perform the 

required complex functions for building memories during the initial stages of encoding. Although we 

are just at the beginning of putting together the oscillating pieces of the puzzle that make up 

memories, two ways of how the different oscillations interact in the service of memory have been 

described. The first way is cross-frequency coupling (Canolty & Knight, 2010; Jensen & Colgin, 2007; 

Siebenhuhner, Wang, Palva, & Palva, 2016), which refers to a phenomenon whereby a faster 

oscillation is nested within a slower oscillation. This phenomenon is well described in the rodent 

hippocampus where the amplitude of gamma oscillations has been found to be modulated by the 

phase of a slower theta oscillation (Bragin et al., 1995), and to be correlated with spatial memory 

performance (Tort, Komorowski, Manns, Kopell, & Eichenbaum, 2009). Similar theta-to-gamma 

cross-frequency coupling has been reported in the human hippocampus (Axmacher et al., 2010; B. 

Lega, Burke, Jacobs, & Kahana, 2016; Staudigl & Hanslmayr, 2013). Increased theta-to-gamma 

coupling in the human hippocampus has been reported during successful memory formation (B. 

Lega et al., 2016). A non-invasive EEG study replicated this result with enhanced frontal theta to 

posterior gamma coupling predicting successful memory formation (Friese et al., 2013). Animal 

studies suggest that gamma oscillations nested within theta oscillations are particularly suited for 

inducing synaptic plasticity in the hippocampus. This suggests that theta-to-gamma coupling is a 

specific mechanism via which the hippocampus binds the individual elements of a memory together. 



This specific binding function of theta-to-gamma coupling was tested in a MEG study, which revealed 

that theta-to-gamma coupling in the left hippocampus supported the binding of an item to its 

surrounding context (Staudigl & Hanslmayr, 2013). Intriguingly, a recent direct electric stimulation 

study used a stimulation protocol whereby bursts of high frequency pulses (50 Hz) were timed at a 

slower frequency (8 Hz), thus inducing theta-to-gamma cross frequency coupling in the medial 

temporal lobe during encoding of visual images (Inman et al., 2018). This theta-to-gamma 

stimulation protocol increased memory retention tested on the following day compared to a non-

stimulation condition, suggesting a causal role of theta-to-gamma coupling in the formation of 

memories. However, one limitation of the study is that no other stimulation conditions were carried 

out, making it difficult to assess whether the effects on memory were due the specific theta-to-

gamma stimulation protocol or due to the fact that electrical stimulation was applied in general. 

Another important caveat to consider when analysing theta to gamma cross-frequency coupling are 

methodological challenges, which could render spurious results (Aru et al., 2015). For instance, an 

evoked response generated by presentation of a stimulus might trigger a phase-reset in theta 

oscillations together with a gamma power increase. In this scenario, gamma power increase and 

theta phase are two unrelated phenomena that are both triggered by a third event (i.e. stimulus). 

Another important caveat are asymmetric waveforms, which can also give rise to spurious cross-

frequency coupling (Belluscio, Mizuseki, Schmidt, Kempter, & Buzsaki, 2012).  

The second form of interactions are power-to-power correlations between frequency bands, which 

we briefly describe here. If theta and gamma oscillations in the human hippocampus act to 

efficiently bind together the different elements that make up an episodic memory, then how do 

these putative binding mechanisms interact with the alpha/beta power decreases observed during 

encoding in the cortex? The so-called sync/desync (SDS) model offers an answer to this question 

(Hanslmayr et al., 2016; Parish et al., 2018). Specifically, the SDS model builds on the complementary 

learning systems model (McClelland, McNaughton, & O'Reilly, 1995)(see Chapter XX) in suggesting 

that there is a division of labour between the hippocampus and neocortex which is visible in 



opposing synchronising and desynchronising behaviour. The synchronizing theta-gamma oscillations 

in the hippocampus are required to efficiently form synaptic connections that turn a transient 

experience into a lasting memory, while the desynchronzing alpha/beta oscillations in the neocortex 

are required to represent the information that this episode contains. Simply put, theta-gamma 

oscillations are the glue that hold the different elements represented in alpha/beta oscillations 

together. A recent intracranial EEG study confirmed a number of predictions that follow from this 

model (B. Griffiths et al., 2019). This study showed that neocortical alpha/beta power decreases 

were coupled with hippocampal gamma power increases in a directionally specific way (see Figure 

4B); during memory encoding alpha/beta power decreases preceded the hippocampal gamma 

power increases; during retrieval alpha/beta power decreases followed the hippocampal gamma 

power increases. These results not only suggest that alpha/beta power decreases in the cortex 

correlate with hippocampal gamma power increases, but moreover shows that this correlation maps 

the input and output dynamics between cortex and hippocampus that occur during memory 

encoding and retrieval. Although more studies are needed to better understand the interaction 

between the different hippocampal and neocortical oscillations during memory formation, these 

models and empirical results suggest how we can understand memory encoding as a complex, well-

coordinated process during which different oscillations play different roles. 

 

4. The organizers: Oscillatory correlates of working memory maintenance 

This section addresses the oscillatory mechanisms supporting the ‘online’ maintenance of items in 

memory (e.g. keeping in mind items to buy whilst shopping for groceries). Such mechanisms are 

typically studied in the context of working memory tasks in which a set of items have to be held in 

memory for a few seconds (Addis, Barense, & Duarte, 2015; Sternberg, 2016). Numerous studies in 

animals and humans have tried to uncover the mechanisms supporting working memory 

maintenance and it has emerged that brain oscillations support the coordinating of neuronal activity 



necessary for the act of keeping information in mind. Broadly speaking, oscillations in lower 

frequency bands, e.g. theta (5 – 8 Hz) and alpha oscillations (8 – 13 Hz) have been associated with 

the temporal organization of working memory operations on larger spatial scales, whereas faster 

activity in the gamma band is associated with maintenance of local neuronal representations. In the 

light of human electrophysiological research, we will discuss the specific functional roles of these 

different oscillations and how they interact in order to support multi-item working memory.  

4.1. Protecting working memory: inhibition by alpha oscillations 

The current tenet in cognitive neuroscience is that alpha oscillations reflect regional specific 

inhibition. This idea is supported by a number of studies finding alpha power increases with 

cognitive load. Using EEG, it was shown that alpha power increases during working memory load 

(Klimesch, Doppelmayr, Schwaiger, Auinger, & Winkler, 1999). Another study in which different 

numbers of items had to be maintained, demonstrated that alpha oscillations indeed increase in 

power with working memory load (Jensen, Gelfand, Kounios, & Lisman, 2002) and that the alpha 

oscillations were generated in early visual cortex (Tuladhar et al., 2007). These findings resulted in 

the proposal that alpha oscillations serve to functionally inhibit early visual regions in order to 

reduce interference that could disturb the working memory trace (Foxe & Snyder, 2011; Jensen & 

Mazaheri, 2010; Klimesch et al., 2007). This hypothesis was supported by EEG and MEG memory 

studies in which the alpha power was shown to increase in anticipation of visual distraction 

(Bonnefond & Jensen, 2012; Payne, Guillory, & Sekuler, 2013). In sum, the above correlational 

studies support the idea that an increase in posterior alpha oscillations serves to inhibit incoming 

visual information during working memory maintenance.  

If the above is true then increasing alpha oscillations at areas that are not involved in maintaining 

the information at hand should increase working memory performance. This question was 

addressed in an rTMS study, which found causal evidence in support for a protective role of alpha 

oscillations. That study showed that stimulating parietal regions ipsilateral to the to-be-maintained 



information at 10 Hz indeed increased WM performance, whereas the same stimulation of 

contralateral regions decreased WM performance (Sauseng et al., 2009). Similar evidence comes 

from a tACS study showing that WM performance improves in elderly subjects during parietal 10 Hz 

stimulation (Borghini et al., 2018). 

4.2. Multi-item working memory: theta oscillations 

Brain oscillations in the theta band have been proposed to play a vital role in working memory 

maintenance. This notion is partly inspired by oscillations measured in the rat hippocampus during 

spatial navigation as mentioned above. Spatial navigation relies on keeping recent information active 

while integrating new information with existing memories. Such memory processes are associated 

with theta oscillations in the rat hippocampus and neocortical regions (Colgin, 2011). Indeed, 

working memory maintenance in primates requires the coordination of brain dynamics between 

multiple regions. For instance, a recent study in primates showed that theta synchronization 

between prefrontal and parietal neural assemblies predicted task performance in a WM task (Jacob, 

Hahnke, & Nieder, 2018). In humans, similar cross-regional connectivity patterns during WM 

maintenance have been found (Sarnthein, Petsche, Rappelsberger, Shaw, & von Stein, 1998). These 

ideas have resulted in electrophysiological research in humans linking working memory to theta 

oscillations. EEG and MEG studies in humans have demonstrated increased theta band activity 

during working memory maintenance over frontal midline areas (Gevins, Smith, McEvoy, & Yu, 1997; 

Jensen et al., 2002) as well as in parieto-occipital regions (Sauseng et al., 2009). Likewise, intracranial 

recordings have demonstrated sustained theta during working memory retention in various regions 

including temporal lobe structures (Axmacher et al., 2010; Howard et al., 2003; Raghavachari et al., 

2001; van Vugt, Schulze-Bonhage, Litt, Brandt, & Kahana, 2010; van Vugt, Sekuler, Wilson, & Kahana, 

2013).  

It seems logical to posit that entraining theta oscillations in parietal and prefrontal regions should 

benefit WM performance. Indeed, evidence in support of this hypothesis was provided by Albouy 



and colleagues (Albouy, Weiss, Baillet, & Zatorre, 2017) who stimulated the left intraparietal sulcus 

(IPS) using rTMS at 5 Hz, and showed that such theta stimulation increases WM performance 

specifically in a task that requires maintenance of the serial order of the items. Simultaneous EEG 

recordings additionally showed that 5 Hz rTMS not only enhances theta oscillations during 

stimulation but also that these induced oscillations persisted after stimulation ended, which is 

particularly firm evidence that rTMS indeed affected an internal oscillating network (Hanslmayr et 

al., 2014). The authors also demonstrated that 5 Hz stimulation of parietal regions increased theta-

frequency functional connectivity to the prefrontal cortex, thus showing effects of local stimulation 

on a fronto-parietal theta network. In summary, the above studies suggest that theta oscillations are 

crucial for coordinating activity in frontal and parietal areas in order to maintain information in 

working memory. 

Recent transcranial alternating current stimulation (tACS) studies attempted to directly test the 

causal relevance of such prefrontal to parietal theta connectivity by stimulating prefrontal and 

parietal areas such that theta phases are aligned (i.e., zero-phase locked) or continuously opposing 

(i.e., 180° apart). Indeed two studies (Polania, Nitsche, Korman, Batsikadze, & Paulus, 2012; Violante 

et al., 2017) found that WM performance was enhanced during the ‘synchronizing’ (i.e., zero phase 

lag) stimulation compared with the ‘asynchronous’ (i.e., 180° phase lag) stimulation. In addition, it 

was reported that synchronous (zero phase lag) stimulation increased functional connectivity 

between parietal and frontal regions as measured with functional magnetic resonance imaging 

(fMRI; (Violante et al., 2017)).  

 

4.3. Maintaining working memory: Gamma band activity 

Oscillations in the gamma band (30 – 80 Hz) have been proposed to coordinate the timing of 

neuronal ensembles in a fine-grained manner. Accordingly, slower narrow-band gamma oscillations 

(30 – 50 Hz) might segment processing in time windows of about 20 – 30 ms. Distributed neuronal 



firing within each gamma cycle then constitutes a representation. This grouping by gamma 

oscillations might be maintained during online processing as required in working memory (Jensen, 

Kaiser, & Lachaux, 2007). Broad-band high frequency activity in higher frequency ranges (>80 Hz) is 

likely not oscillatory per se (because an oscillation presupposes a narrow frequency band) and might 

instead reflect a mixture of population firing and/or randomly distributed postsynaptic potentials 

contributing to the code (Buzsaki et al., 2012; Miller et al., 2009). A number of studies describe 

sustained gamma band activity during working memory maintenance in humans. Both EEG and MEG 

studies have reported gamma band activity over posterior regions during the maintenance of both 

visual (Jokisch & Jensen, 2007; Roux, Wibral, Mohr, Singer, & Uhlhaas, 2012; Tallon-Baudry, 

Bertrand, Peronnet, & Pernier, 1998); and auditory working memory (Lutzenberger, Ripper, Busse, 

Birbaumer, & Kaiser, 2002). Also, intracranial studies have reported gamma band activity during 

working memory maintenance (Kambara et al., 2017; Noy et al., 2015; van Vugt et al., 2010). In sum, 

these studies suggest gamma band activity being present during working memory maintenance and 

the findings are consistent with the idea that this high-frequency activity contributes to the neuronal 

code sustaining the memory trace.   

4.4. Juggling multiple items: Coupled oscillations  

The previous sections provide evidence for the involvement of specific oscillations in the theta, alpha 

and gamma band for working memory maintenance. How might these oscillations interact? One 

mechanism that has been described already in section 3 is cross-frequency coupling, or more 

specifically gamma oscillations nested within theta oscillations (see Chapter XX by Helfrich et al.). 

Indeed, Lisman and Idiart proposed a computational model in which coupled theta and gamma 

oscillations serve to maintain multiple working memory items (Lisman & Idiart, 1995). In this model, 

up to seven memory representations were activated sequentially within one theta cycle (Figure 5A). 

That is, different items were activated at different phases of theta. The faster gamma oscillations 

served to segment the items in time. This scheme could explain why the upper limit of working 



memory capacity is about 7 items (+/- 2). This is because the number of gamma cycles that fit into a 

theta cycle is also about 7. Likewise, the model could account for the ‘Sternberg slope’: Sternberg 

(Sternberg, 1966) found that memory retrieval increases linearly with the number of items in 

working memory. This linear increase is consistent with the period of a gamma cycle, i.e. the 

scanning through multiple working memory items, which is clocked by the gamma oscillations. This 

framework has received empirical support from several lines of investigation (Lisman & Jensen, 

2013; Roux & Uhlhaas, 2014). First, a number of correlative studies found evidence for gamma 

oscillations nested within theta oscillations during working memory tasks. For instance, intracranial 

recordings in the medial-temporal lobe in patients performing a working memory task, revealed 

gamma band activity coupled to the phase of theta oscillations. This coupling as well as the 

frequency of the theta oscillations were shown to be dependent on the memory load (Axmacher et 

al., 2010). Similar findings were obtained with MEG (Heusser, Poeppel, Ezzyat, & Davachi, 2016) 

where the measure of theta-gamma coupling decreased with memory load and the theta phase of 

the gamma activity was load-dependent as well. Another important piece of evidence comes from 

an electrocorticography (ECoG) study (Bahramisharif, Jensen, Jacobs, & Lisman, 2018), which made 

use of the fact that certain electrodes display selective broadband high frequency (80 – 120 Hz) 

activity in response to a specific letter (e.g. ‘Q’ but not ‘P’). An analysis of the phase-amplitude 

coupling of the data during the retention interval revealed that both gamma activity ~40 Hz and high 

frequency broad-band activity (80-120 Hz; Figure 5B) were coupled to the phase of ongoing ~8 Hz 

oscillations. As predicted by Lisman’s model, this allowed the researchers to demonstrate that letter 

specific high frequency activity (80-120 Hz) for different letters were present at different phase of 

the ~8 Hz oscillations (Figure 5C). Consistent with the theoretical framework, the gamma oscillation 

(~40 Hz) would segment the representations in time, whereas the high frequency activity represents 

the individual items. Intriguingly, the ~8 Hz oscillations in this study displayed the same temporal 

dynamics as alpha oscillations recorded by EEG and MEG: the power was supressed during item 

presentation, and it increased during memory retention. This observation hints at the possibility that 



both, theta and alpha oscillations may perform a similar function, which is to temporally coordinate 

item-specific codes.  

If theta to gamma coupling indeed supports working memory, then are we able to increase/decrease 

working memory capacity by externally manipulating this theta-gamma interaction? Alekseichuk and 

colleagues (Alekseichuk, Turi, Amador de Lara, Antal, & Paulus, 2016) tested this hypothesis by 

stimulating the left prefrontal cortex (PFC) with complex theta-gamma waveforms during a spatial 

WM task. Stimulating with gamma oscillations nested in the theta peak improved WM performance, 

whereas stimulating with gamma oscillations nested in the theta trough did not. Similar evidence 

comes from another study (Reinhart & Nguyen, 2019), which was able to improve working memory 

performance in elderly subjects by stimulating the brain with a theta-gamma cross-frequency 

protocol. Another prediction that follows from Lisman and Idiart’s (1995) model is that slowing down 

the frequency of theta allows more gamma cycles to be nested, which should then increase WM 

capacity. Conversely, speeding up theta frequency should decrease the number of gamma cycles and 

consequently decrease WM capacity. This prediction was confirmed by two recent tACS studies 

showing that stimulating at lower theta frequencies increases WM capacity (Vosskuhl, Huster, & 

Herrmann, 2015; Wolinski, Cooper, Sauseng, & Romei, 2018). Wolinski and colleagues further 

demonstrated that stimulation at faster theta frequencies reduced WM capacity (Figure 5D). A 

recent study combined EEG and TMS to investigate fronto-posterior interactions during working 

memory maintenance (B. Berger et al., 2019). They found that posterior gamma power was phase-

locked to frontal theta oscillations and that the theta phase of the coupling depended on cognitive 

demands. Importantly, performances could be manipulated by perturbing frontal regions with TMS. 

Performance was reduced when stimulation was done at the trough of the theta oscillations. 

Together, there is ample correlational and causal evidence for a mechanistic role of gamma 

oscillations nested within alpha/theta cycles, which determines the number of items one can 

maintain in WM. 



4.5. Working Memory and Oscillations: Conclusions 

Over the past decade numerous human studies using correlational approaches like EEG, MEG and 

intracranial recordings have demonstrated that brain oscillations in the theta, alpha and gamma 

band play a role in working memory tasks (Roux & Uhlhaas, 2014). Brain stimulation studies provide 

evidence that these different oscillations implement specific mechanisms necessary for the 

maintenance of information in WM. In particular, the slower theta and alpha oscillations seem to be 

involved in temporally coordinating large scale neuronal dynamics required for working memory 

maintenance. Gamma oscillations and broad-band high frequency activity seems to reflect the 

activation of local neural ensembles which hold the actual memory representation and which are 

timed by the slower theta and alpha oscillations. Consistent with theoretical ideas, gamma 

oscillations coupled to the phase theta/alpha oscillations therefore likely serve to coordinate multi-

item working memory. 

5. The consolidators: Oscillatory correlates of offline processing  

In this section we consider oscillations supporting memory processes during offline periods. By 

offline periods we refer to intervals occurring after learning during which the individual either sleeps 

or rests quietly. The importance of these offline periods has traditionally been somewhat neglected 

in main-stream cognitive neuroscience of memory. However, it has been known for almost 100 years 

that sleep benefits memory performance compared to the same time spent awake (Jenkins & 

Dallenbach, 1924). Specifically, sleep seems to solidify recently acquired memories and slows down 

forgetting, a phenomenon termed memory consolidation (Muller & Pilzecker, 1900). For a long time 

sleep has only been ascribed a passive role, i.e., protecting memories from interference by blocking 

new incoming information (McGeoch, 1932). In contrast, recent frameworks postulate that the 

sleeping brain engages in active and specific processes dedicated to preserving the most relevant 

experiences (Tononi & Cirelli, 2006) and to transferring representations from short- to long-term 



storage sites (Diekelmann & Born, 2010). The question of how these postulated processes are 

implemented in the absence of external input will be discussed in this final section.  

5.1. Oscillations during offline states: Slow oscillations, spindles and sharp wave ripples 

Consolidation of episodic memories is thought to mostly occur during non-rapid-eye-movement 

(NREM) sleep (Diekelmann & Born, 2010). During this stage three main oscillatory signatures are 

observable: First, Slow Oscillations (SOs), which are cortically-generated high-amplitude oscillations 

with a spectral maximum at .75 Hz. SOs reflect fluctuations in cellular excitability, which results from 

alternating phases of depolarization (‘up-states’) and hyperpolarization (‘down-states’). Up- and 

down-states are linked to synchronous neuronal firing of large neuron populations and to 

widespread neuronal silence, respectively (Achermann & Borbely, 1997; Nir et al., 2011; Steriade, 

Nunez, & Amzica, 1993). Second, sleep spindles, which are transient (0.5-3 s) oscillatory events of 

waxing and waning amplitude. Spindles are generated by intra-thalamic feedback loops between 

excitatory thalamo-cortical (TC) neurons in the thalamic core and inhibitory neurons in the reticular 

thalamic nucleus (TRN) (Luthi, 2014; Steriade, 2003). The frequency range of spindles spans 9-16 Hz, 

with a distinction between slow (9-12 Hz) and fast (12-16 Hz) spindles. Notably, only fast spindles 

have been found in the hippocampus (Andrillon et al., 2011; Sarasso et al., 2014; Schabus et al., 

2007; Staresina et al., 2015) and we focus on this subclass of spindles henceforth. Finally, sharp 

wave-ripple (SW-R) complexes are high-frequency oscillations (ripples) superimposed on a low-

frequency (~3 Hz) sharp wave. Ripples are generated within the hippocampal circuitry (Buzsaki, 

2015) and - in humans – represent 80-100 Hz oscillations of 30-150 ms duration (Axmacher, Elger, & 

Fell, 2008; Bragin, Engel, Wilson, Fried, & Buzsaki, 1999; Staresina et al., 2015).  

Importantly, each of these three sleep oscillations has been linked to memory consolidation: 

Learning a hippocampus-dependent declarative task prior to sleep enhances subsequent SO 

amplitudes (Molle, Eschenko, Gais, Sara, & Born, 2009), and experimental induction of SOs bolsters 

post-sleep memory performance (Ngo, Martinetz, Born, & Molle, 2013). Likewise, the amount of 



spindles increases after learning of a declarative memory task and correlates with memory 

performance (Gais, Molle, Helms, & Born, 2002). Importantly, recent evidence has linked the 

emergence of spindles to reactivation of learning experiences (Antony, Schonauer, Staresina, & 

Cairney, 2019; Bergmann, Molle, Diedrichs, Born, & Siebner, 2012; Cairney, Guttesen, El Marj, & 

Staresina, 2018), which is assumed to be pivotal for effective consolidation (Buzsaki, 1996; 

Diekelmann & Born, 2010). Finally, the amount of ripples during an afternoon nap was found to 

correlate with post-sleep memory performance across participants (Axmacher et al., 2008). A recent 

report was able to link ripples to replay of learning experiences in humans (Zhang, Fell, & Axmacher, 

2018), analogous to a large body of animal work showing replay of spatial trajectories during ripples 

in rodents (Joo & Frank, 2018). 

Although the studies reviewed thus far are consistent with a role of SOs, spindles and ripples in 

memory consolidation, the hypothesised information transfer from short- to long-term storage 

presumably requires some more intricate mechanism. Indeed, it has been speculated that active 

consolidation requires systematic interactions between these oscillations (Diekelmann & Born, 

2010). In particular, it has been argued that under the top-down control of cortical SOs, thalamic 

spindles are deployed to both the hippocampus (the short-term store) and to cortical target sites 

(the long-term store). These coincident spindles effectively open communication channels between 

the hippocampus and cortex, such that reactivated information, linked to ripples, can travel between 

the two sites. One requirement for the validity of this model is that all three oscillations be 

observable in the hippocampus. A recent study using intracranial recordings directly from the 

hippocampus of human epilepsy patients indeed found evidence for this notion (Staresina et al., 

2015): Ripples were nested within spindle troughs, and spindles were in turn nested in the up-states 

of SOs (Figure 6A). These findings have since been replicated in a number of iEEG studies (Helfrich et 

al., 2019; Jiang, Gonzalez-Martinez, & Halgren, 2019; Ngo, Fell, & Staresina, 2020). Together, these 

data suggest that during sleep, the brain uses a fine-tuned machinery of oscillations to foster cross-

regional interactions.  



5.2. Relevance of offline oscillations for consolidation 

How important might this fine-tuning really be for memory consolidation? Recently, evidence has 

begun to accumulate that the exact timing of these oscillations with respect to each other is indeed 

vital. At least for the coupling of SOs and spindles, data show that the more precise the timing of 

spindles with respect to the SO up-state, the better an individual’s memory performance (Helfrich, 

Mander, Jagust, Knight, & Walker, 2018; Muehlroth et al., 2019; Niknazar, Krishnan, Bazhenov, & 

Mednick, 2015) (Figure 6B). Future work will have to establish whether the precise coupling of 

ripples to spindles is of similar importance for consolidation. 

Lastly, what are the oscillatory mechanisms promoting memory consolidation during wake rest 

periods? Although less pronounced than the beneficial effects of sleep (Stickgold, 2005), quiet rest 

has been shown to bolster memory performance compared to more active post-learning intervals 

(Dewar, Alber, Butler, Cowan, & Della Sala, 2012). Is there a qualitative or quantitative difference 

between consolidation mechanisms deployed during sleep vs. wake rest? For instance, hippocampal 

ripples have recently been found during active retrieval in human intracranial recordings (Norman et 

al., 2019; Vaz, Inati, Brunel, & Zaghloul, 2019). Moreover, a recent Magnetoencephalography (MEG) 

study suggests that replay-related ripples occur during periods of quiet rest in humans (Liu, Dolan, 

Kurth-Nelson, & Behrens, 2019). One study even reported SO-like activity during quiet rest, 

predicting later memory performance (Brokaw et al., 2016). These tentative findings would point to 

potentially quantitatively, but not qualitatively different oscillatory mechanisms of wake vs. sleep 

consolidation. On the other hand and as reviewed earlier in this chapter, theta rhythms have been 

strongly linked to hippocampal function during wake periods. In one recent study, participants were 

trained to voluntarily enhance their theta oscillations via neurofeedback (Rozengurt, Shtoots, Sheriff, 

Sadka, & Levy, 2017). Intriguingly, theta power up-regulation during a post-learning rest period 

boosted later memory performance, compared to beta power up-regulation or passive viewing of a 



movie. This would point to qualitatively different mechanisms underlying sleep vs. wake 

consolidation. 

In sum, electrophysiological data strongly implicate an intricate relationship of different oscillatory 

phenomena for offline consolidation in humans. Accumulating evidence from intracranial recordings 

in patients, advances in source reconstruction of M/EEG signals and progress in experimental brain 

stimulation will help pinpoint the exact rules that govern the intriguing means of information 

processing in the resting brain. 

6. Conclusion 

In this chapter we discussed what role brain oscillations play for memory formation. A lot has been 

accomplished in the past two decades and we now know much more about the critical and diverse 

roles that oscillations play on every step of the life of a memory, from its ‘birth’ during the initial 

processing stages, to organizing neural activity during the maintenance phase, and solidifying the 

memory trace during sleep. From the above reviewed literature we can conclude that first, 

oscillations play a diverse role in different brain areas and support memory processes in different 

ways. For instance, synchronization in the alpha frequency band in the cortex likely has the function 

of silencing regions that might otherwise interfere with processing. Synchronization in the theta and 

gamma oscillations in the hippocampus, but also in the cortex on the other hand has the function of 

temporally organizing and binding information together into a coherent memory trace. Therefore, 

memory formation is not one monolithic process, instead different oscillations in different regions 

each perform complementary functions. Second, these different oscillations coordinate their activity 

in the service of memory. The nesting of faster oscillations into slower oscillations can be observed 

during memory encoding and working memory, where gamma oscillations are nested within theta 

oscillations. A similar behaviour is observable during sleep, where ripples are nested into spindles, 

which in turn are nested into slow waves. Decreases of alpha oscillations in the neocortex are 

correlated with increases in gamma oscillations in the hippocampus. This shows that oscillations 



truly are a network phenomenon and orchestrate brain networks on different levels. Third, 

perturbing these oscillations externally impacts on memory. Brain stimulation studies importantly 

close the loop from observing oscillations during behaviour on the one hand, to inducing this 

behaviour when injecting these oscillations from the outside. This is of particular significance 

because it paves the way for the development of invasive and non-invasive stimulation devices in 

order to alleviate memory-related problems in healthy and clinical populations. Future students of 

memory will undoubtedly build on this foundation and use brain oscillations to draw a much more 

detailed picture of human memory than we can now imagine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure Legends 

Figure 1. The firing patterns of four neurons are shown (red, yellow, green and blue), 

together with the local field potential which represents the population activity as would be 

recorded with EEG (black trace). In a synchronized state, rhythmic fluctuations are observed 

in the population activity (EEG). In a desynchronized state these rhythmic fluctuations are 

absent. Figure taken with permission from Harris & Thiele 2011 (Nat Rev Neurosci). 

 



Figure 2. Comparison of frequency spectra in the Neocortex and Hippocampus. A) 

Electrodes where implanted in 12 epilepsy patients in the anterior temporal lobe of the 

Neocortex (blue) and the Hippocampus (red). B) The averaged 1/f corrected power 

spectrum is shown for the Neocortex (blue) and Hippocampus (red). The Hippocampus (red 

line) shows a narrow peak of power in the theta frequency band, and a broader peak in the 

gamma frequency band, whereas the Neocortex shows the strongest peak in the alpha/beta 

frequency band. Figure adapted with permission from Griffiths et al. 2019. 

 



 

Figure 3. Hippocampal theta oscillations and neocortical alpha oscillations during memory 

encoding. (A) The diagram on the left shows one exemplary hippocampal neuron that is 

rhythmically clocked by a theta oscillation (~4 Hz). The top plot shows statistical significance 

in terms of log-transformed p-values, the bottom plot shows a phase histogram. The unit 

shows a preferred phase angle of ~180 degrees which corresponds to the trough of the 

theta wave. The plot on the right shows the averaged phase locking of all neurons as a 



function of later memory. Later remembered items (blue) show higher theta phase locking 

compared to later forgotten items (red). These results show that theta synchronizes 

neurons in the hippocampus in order to form memories. (B) Alpha power results from an 

EEG study are shown during retrieval of visual or auditory stimuli. The regions that 

represent visual stimuli are shown in red, the regions that represent auditory stimuli are 

shown in blue. The visual region shows stronger alpha power decreases during reactivation 

of visual stimuli, compared to auditory stimuli. This pattern is reversed for the auditory 

region. This result shows that alpha power decreases track the representation of 

information. Figure in A reproduced with permission from Rutishauser et al. 2010. Figure in 

B reproduced from Michelmann et al. (2016). 

 



 

Figure 4. Hippocampal gamma oscillations and interaction with neocortical alpha 

oscillations. (A) Slow and fast gamma oscillations are present in the human hippocampus 

(top). A difference plot between encoding  and retrieval is shown on the bottom. During 

encoding fast gamma oscillations dominate, during retrieval slow gamma oscillations 

dominate. (B) Interaction between neocortical (Anterior Temporal Lobe) alpha oscillations 

and hippocampal gamma oscillations is shown. During encoding, a decrease in neocortical 



alpha oscillations precede an increase in hippocampal fast gamma oscillations. During 

retrieval, the decrease in neocortical alpha oscillations occurs after an increase in slow 

gamma oscillations. This is shown for one single trial in the top panel. The bottom panels 

show the averaged cross-correlations between neocortical alpha and hippocampal gamma 

oscillations. A negative lag is observed during encoding, indicating that neocortical alpha 

power decreases before hippocampal gamma increases. During retrieval this pattern 

reverses, now showing a positive lag (i.e. neocortical alpha follows hippocampal gamma). 

Figure reproduced from Griffiths et al (2019). 

 

 

 

 



 

Figure 5. The nesting of gamma oscillations into theta oscillations during working memory. 

(A) The computational model illustrates how items specific codes are organized into gamma 

cycles which in turn are coupled to a slower theta oscillation. (B) A frequency-frequency 

spectrum calculated from human ECoG data during a working memory task. The phase 

providing frequency is plotted on the x-axis; the amplitude providing frequency is shown on 

the y-axis. A narrowband gamma oscillation around 40 Hz and broad-band high frequency 

activity (highlighted) are both coupled to the theta/alpha phase (~8 Hz). (C) The deviation of 

high frequency broadband power for each position from the average measured as a 

function of theta/alpha phase (Hilbert phase 7–13 Hz). (D) Results from a tACS study are 

shown where stimulation was applied either at a slow (orange) or fast (light blue) theta 

oscillation. More gamma cycles can fit into the slow compared to the fast theta. Stimulating 



with slow theta enhances WM capacity, whereas stimulating with slow theta decreases WM 

capacity. 

 

 

Figure 6. Nesting of oscillations in the during sleep. A. top: Single-subject average hippocampal slow 

oscillation (SO) superimposed on the down-state locked (time 0) time-frequency representation (TFR), 

revealing a spindle power increase in the SO up-state. bottom: Single-subject average hippocampal spindle 

A 

B 

C 



superimposed on the spindle-centre locked (time 0) TFR, revealing ripple power increases nested in spindle 

troughs. B. Data sweep (2000 ms) showing the co-occurrence of all three oscillations [SO (green), spindle 

(blue), ripple (red)] in the human hippocampus during sleep. Top: unfiltered EEG. bottom: bandpass-filtered 

signal (SO: 0.5–1.25 Hz, spindle: 12–16 Hz, ripple: 80–100 Hz). Adapted from Staresina et al. (2015). C. 

Different levels of precision in SO-spindle coupling for older (blue) and younger (red) individuals. Data show 

peak-locked spindle grand averages with superimposed low-pass filtered signal (black). Inset: Mean coupling 

phase and standard deviation shown on a schematic SO. Adapted from Helfrich et al. (2018). 
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Buzsáki, G. (2006). Rhythms of the brain. Oxford ; New York: Oxford University Press. 
Buzsaki, G., Anastassiou, C. A., & Koch, C. (2012). The origin of extracellular fields and currents--EEG, 

ECoG, LFP and spikes. Nat Rev Neurosci, 13(6), 407-420. doi:10.1038/nrn3241 

https://www.ncbi.nlm.nih.gov/pubmed/7823151


Cairney, S. A., Guttesen, A. A. V., El Marj, N., & Staresina, B. P. (2018). Memory Consolidation Is 
Linked to Spindle-Mediated Information Processing during Sleep. Curr Biol, 28(6), 948-954 
e944. doi:10.1016/j.cub.2018.01.087 

Canolty, R. T., & Knight, R. T. (2010). The functional role of cross-frequency coupling. Trends Cogn 
Sci, 14(11), 506-515. doi:10.1016/j.tics.2010.09.001 

Clouter, A., Shapiro, K. L., & Hanslmayr, S. (2017). Theta Phase Synchronization Is the Glue that Binds 
Human Associative Memory. Curr Biol, 27(20), 3143-3148 e3146. 
doi:10.1016/j.cub.2017.09.001 

Cohen, M. X. (2014). Analyzing neural time series data : theory and practice. Cambridge, 
Massachusetts: The MIT Press. 

Colgin, L. L. (2011). Oscillations and hippocampal-prefrontal synchrony. Curr Opin Neurobiol, 21(3), 
467-474. doi:10.1016/j.conb.2011.04.006 

Colgin, L. L. (2013). Mechanisms and functions of theta rhythms. Annu Rev Neurosci, 36, 295-312. 
doi:10.1146/annurev-neuro-062012-170330 

Colgin, L. L., Denninger, T., Fyhn, M., Hafting, T., Bonnevie, T., Jensen, O., . . . Moser, E. I. (2009). 
Frequency of gamma oscillations routes flow of information in the hippocampus. Nature, 
462(7271), 353-357. doi:10.1038/nature08573 

Craik, F. I. M., & Lockhart, R. S. (1972). Levels of Processing - Framework for Memory Research. 
Journal of Verbal Learning and Verbal Behavior, 11(6), 671-684. doi:Doi 10.1016/S0022-
5371(72)80001-X 

Dewar, M., Alber, J., Butler, C., Cowan, N., & Della Sala, S. (2012). Brief wakeful resting boosts new 
memories over the long term. Psychol Sci, 23(9), 955-960. doi:10.1177/0956797612441220 

Diekelmann, S., & Born, J. (2010). The memory function of sleep. Nat Rev Neurosci, 11(2), 114-126. 
doi:10.1038/nrn2762 

Ekstrom, A. D., Caplan, J. B., Ho, E., Shattuck, K., Fried, I., & Kahana, M. J. (2005). Human 
hippocampal theta activity during virtual navigation. Hippocampus, 15(7), 881-889. 
doi:10.1002/hipo.20109 

Fell, J., & Axmacher, N. (2011). The role of phase synchronization in memory processes. Nat Rev 
Neurosci, 12(2), 105-118. doi:10.1038/nrn2979 

Fell, J., Klaver, P., Lehnertz, K., Grunwald, T., Schaller, C., Elger, C. E., & Fernandez, G. (2001). Human 
memory formation is accompanied by rhinal-hippocampal coupling and decoupling. Nat 
Neurosci, 4(12), 1259-1264. doi:10.1038/nn759 

Fell, J., Staresina, B. P., Do Lam, A. T., Widman, G., Helmstaedter, C., Elger, C. E., & Axmacher, N. 
(2013). Memory modulation by weak synchronous deep brain stimulation: a pilot study. 
Brain Stimul, 6(3), 270-273. doi:10.1016/j.brs.2012.08.001 

Fellner, M. C., Bauml, K. H., & Hanslmayr, S. (2013). Brain oscillatory subsequent memory effects 
differ in power and long-range synchronization between semantic and survival processing. 
Neuroimage, 79, 361-370. doi:10.1016/j.neuroimage.2013.04.121 

Fellner, M. C., Gollwitzer, S., Rampp, S., Kreiselmeyr, G., Bush, D., Diehl, B., . . . Hanslmayr, S. (2019). 
Spectral fingerprints or spectral tilt? Evidence for distinct oscillatory signatures of memory 
formation. PLoS Biol, 17(7), e3000403. doi:10.1371/journal.pbio.3000403 

Fellner, M. C., & Hanslmayr, S. (2017). Brain Oscillations, Semantic Processing, and Episodic Memory. 
Neural Mechanisms of Language, 63-80. doi:10.1007/978-1-4939-7325-5_4 

Fellner, M. C., Volberg, G., Wimber, M., Goldhacker, M., Greenlee, M. W., & Hanslmayr, S. (2016). 
Spatial Mnemonic Encoding: Theta Power Decreases and Medial Temporal Lobe BOLD 
Increases Co-Occur during the Usage of the Method of Loci. eNeuro, 3(6). 
doi:10.1523/ENEURO.0184-16.2016 

Foxe, J. J., & Snyder, A. C. (2011). The Role of Alpha-Band Brain Oscillations as a Sensory Suppression 
Mechanism during Selective Attention. Front Psychol, 2, 154. doi:10.3389/fpsyg.2011.00154 

Friese, U., Koster, M., Hassler, U., Martens, U., Trujillo-Barreto, N., & Gruber, T. (2013). Successful 
memory encoding is associated with increased cross-frequency coupling between frontal 



theta and posterior gamma oscillations in human scalp-recorded EEG. Neuroimage, 66, 642-
647. doi:10.1016/j.neuroimage.2012.11.002 

Gais, S., Molle, M., Helms, K., & Born, J. (2002). Learning-dependent increases in sleep spindle 
density. J Neurosci, 22(15), 6830-6834. doi:20026697 

Gevins, A., Smith, M. E., McEvoy, L., & Yu, D. (1997). High-resolution EEG mapping of cortical 
activation related to working memory: effects of task difficulty, type of processing, and 
practice. Cereb Cortex, 7(4), 374-385. doi:10.1093/cercor/7.4.374 

Greenberg, J. A., Burke, J. F., Haque, R., Kahana, M. J., & Zaghloul, K. A. (2015). Decreases in theta 
and increases in high frequency activity underlie associative memory encoding. Neuroimage, 
114, 257-263. doi:10.1016/j.neuroimage.2015.03.077 

Griffiths, B., Parish, G., Roux, F., Michelmann, S., van der Plas, M., Kolibius, L., . . . Hanslmayr, S. 
(2019). Directional coupling of slow and fast hippocampal gamma with neocortical 
alpha/beta oscillations in human episodic memory. Proc Natl Acad Sci U S A, in press.  

Griffiths, B. J., Mayhew, S. D., Mullinger, K. J., Jorge, J., Charest, I., Wimber, M., & Hanslmayr, S. 
(2019). Alpha/beta power decreases track the fidelity of stimulus-specific information. Elife, 
8. doi:10.7554/eLife.49562 

Guderian, S., Schott, B. H., Richardson-Klavehn, A., & Duzel, E. (2009). Medial temporal theta state 
before an event predicts episodic encoding success in humans. Proc Natl Acad Sci U S A, 
106(13), 5365-5370. doi:10.1073/pnas.0900289106 

Hanslmayr, S., Axmacher, N., & Inman, C. S. (2019). Modulating Human Memory via Entrainment of 
Brain Oscillations. Trends Neurosci, 42(7), 485-499. doi:10.1016/j.tins.2019.04.004 

Hanslmayr, S., Matuschek, J., & Fellner, M. C. (2014). Entrainment of prefrontal beta oscillations 
induces an endogenous echo and impairs memory formation. Curr Biol, 24(8), 904-909. 
doi:10.1016/j.cub.2014.03.007 

Hanslmayr, S., Spitzer, B., & Bauml, K. H. (2009). Brain oscillations dissociate between semantic and 
nonsemantic encoding of episodic memories. Cereb Cortex, 19(7), 1631-1640. 
doi:10.1093/cercor/bhn197 

Hanslmayr, S., Staresina, B. P., & Bowman, H. (2016). Oscillations and Episodic Memory: Addressing 
the Synchronization/Desynchronization Conundrum. Trends Neurosci, 39(1), 16-25. 
doi:10.1016/j.tins.2015.11.004 

Hanslmayr, S., & Staudigl, T. (2014). How brain oscillations form memories--a processing based 
perspective on oscillatory subsequent memory effects. Neuroimage, 85 Pt 2, 648-655. 
doi:10.1016/j.neuroimage.2013.05.121 

Hanslmayr, S., Staudigl, T., & Fellner, M. C. (2012). Oscillatory power decreases and long-term 
memory: the information via desynchronization hypothesis. Front Hum Neurosci, 6, 74. 
doi:10.3389/fnhum.2012.00074 

Hanslmayr, S., Volberg, G., Wimber, M., Raabe, M., Greenlee, M. W., & Bauml, K. H. (2011). The 
relationship between brain oscillations and BOLD signal during memory formation: a 
combined EEG-fMRI study. J Neurosci, 31(44), 15674-15680. doi:10.1523/JNEUROSCI.3140-
11.2011 

Hasselmo, M. E. (2005). What is the function of hippocampal theta rhythm?--Linking behavioral data 
to phasic properties of field potential and unit recording data. Hippocampus, 15(7), 936-949. 
doi:10.1002/hipo.20116 

Helfrich, R. F., Lendner, J. D., Mander, B. A., Guillen, H., Paff, M., Mnatsakanyan, L., . . . Knight, R. T. 
(2019). Bidirectional prefrontal-hippocampal dynamics organize information transfer during 
sleep in humans. Nat Commun, 10(1), 3572. doi:10.1038/s41467-019-11444-x 

Helfrich, R. F., Mander, B. A., Jagust, W. J., Knight, R. T., & Walker, M. P. (2018). Old Brains Come 
Uncoupled in Sleep: Slow Wave-Spindle Synchrony, Brain Atrophy, and Forgetting. Neuron, 
97(1), 221-230 e224. doi:10.1016/j.neuron.2017.11.020 

Herweg, N. A., Solomon, E. A., & Kahana, M. J. (2020). Theta Oscillations in Human Memory. Trends 
Cogn Sci, 24(3), 208-227. doi:10.1016/j.tics.2019.12.006 



Heusser, A. C., Poeppel, D., Ezzyat, Y., & Davachi, L. (2016). Episodic sequence memory is supported 
by a theta-gamma phase code. Nat Neurosci, 19(10), 1374-1380. doi:10.1038/nn.4374 

Holscher, C., Anwyl, R., & Rowan, M. J. (1997). Stimulation on the positive phase of hippocampal 
theta rhythm induces long-term potentiation that can Be depotentiated by stimulation on 
the negative phase in area CA1 in vivo. J Neurosci, 17(16), 6470-6477. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/9236254 

Howard, M. W., Rizzuto, D. S., Caplan, J. B., Madsen, J. R., Lisman, J., Aschenbrenner-Scheibe, R., . . . 
Kahana, M. J. (2003). Gamma oscillations correlate with working memory load in humans. 
Cereb Cortex, 13(12), 1369-1374. doi:10.1093/cercor/bhg084 

Huerta, P. T., & Lisman, J. E. (1995). Bidirectional synaptic plasticity induced by a single burst during 
cholinergic theta oscillation in CA1 in vitro. Neuron, 15(5), 1053-1063. doi:10.1016/0896-
6273(95)90094-2 

Hyman, J. M., Wyble, B. P., Goyal, V., Rossi, C. A., & Hasselmo, M. E. (2003). Stimulation in 
hippocampal region CA1 in behaving rats yields long-term potentiation when delivered to 
the peak of theta and long-term depression when delivered to the trough. J Neurosci, 
23(37), 11725-11731. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/14684874 

Inman, C. S., Manns, J. R., Bijanki, K. R., Bass, D. I., Hamann, S., Drane, D. L., . . . Willie, J. T. (2018). 
Direct electrical stimulation of the amygdala enhances declarative memory in humans. Proc 
Natl Acad Sci U S A, 115(1), 98-103. doi:10.1073/pnas.1714058114 

Jacob, S. N., Hahnke, D., & Nieder, A. (2018). Structuring of Abstract Working Memory Content by 
Fronto-parietal Synchrony in Primate Cortex. Neuron, 99(3), 588-597 e585. 
doi:10.1016/j.neuron.2018.07.025 

Jacobs, J. (2014). Hippocampal theta oscillations are slower in humans than in rodents: implications 
for models of spatial navigation and memory. Philos Trans R Soc Lond B Biol Sci, 369(1635), 
20130304. doi:10.1098/rstb.2013.0304 

Jacobs, J., Miller, J., Lee, S. A., Coffey, T., Watrous, A. J., Sperling, M. R., . . . Rizzuto, D. S. (2016). 
Direct Electrical Stimulation of the Human Entorhinal Region and Hippocampus Impairs 
Memory. Neuron, 92(5), 983-990. doi:10.1016/j.neuron.2016.10.062 

Jenkins, J. G., & Dallenbach, K. M. (1924). Obliviscence During Sleep and Waking. The American 
Journal of Psychology, 35, 605-612.  

Jensen, O., & Colgin, L. L. (2007). Cross-frequency coupling between neuronal oscillations. Trends 
Cogn Sci, 11(7), 267-269. doi:10.1016/j.tics.2007.05.003 

Jensen, O., Gelfand, J., Kounios, J., & Lisman, J. E. (2002). Oscillations in the alpha band (9-12 Hz) 
increase with memory load during retention in a short-term memory task. Cereb Cortex, 
12(8), 877-882. doi:10.1093/cercor/12.8.877 

Jensen, O., Kaiser, J., & Lachaux, J. P. (2007). Human gamma-frequency oscillations associated with 
attention and memory. Trends Neurosci, 30(7), 317-324. doi:10.1016/j.tins.2007.05.001 

Jensen, O., & Mazaheri, A. (2010). Shaping functional architecture by oscillatory alpha activity: gating 
by inhibition. Front Hum Neurosci, 4, 186. doi:10.3389/fnhum.2010.00186 

Jiang, X., Gonzalez-Martinez, J., & Halgren, E. (2019). Posterior Hippocampal Spindle Ripples Co-
occur with Neocortical Theta Bursts and Downstates-Upstates, and Phase-Lock with Parietal 
Spindles during NREM Sleep in Humans. J Neurosci, 39(45), 8949-8968. 
doi:10.1523/JNEUROSCI.2858-18.2019 

Jokisch, D., & Jensen, O. (2007). Modulation of gamma and alpha activity during a working memory 
task engaging the dorsal or ventral stream. J Neurosci, 27(12), 3244-3251. 
doi:10.1523/JNEUROSCI.5399-06.2007 

Joo, H. R., & Frank, L. M. (2018). The hippocampal sharp wave-ripple in memory retrieval for 
immediate use and consolidation. Nat Rev Neurosci, 19(12), 744-757. doi:10.1038/s41583-
018-0077-1 

Jutras, M. J., & Buffalo, E. A. (2010). Synchronous neural activity and memory formation. Curr Opin 
Neurobiol, 20(2), 150-155. doi:10.1016/j.conb.2010.02.006 

https://www.ncbi.nlm.nih.gov/pubmed/9236254
https://www.ncbi.nlm.nih.gov/pubmed/14684874


Jutras, M. J., Fries, P., & Buffalo, E. A. (2009). Gamma-band synchronization in the macaque 
hippocampus and memory formation. J Neurosci, 29(40), 12521-12531. 
doi:10.1523/JNEUROSCI.0640-09.2009 

Kahana, M. J., Sekuler, R., Caplan, J. B., Kirschen, M., & Madsen, J. R. (1999). Human theta 
oscillations exhibit task dependence during virtual maze navigation. Nature, 399(6738), 781-
784. doi:10.1038/21645 

Kambara, T., Brown, E. C., Jeong, J. W., Ofen, N., Nakai, Y., & Asano, E. (2017). Spatio-temporal 
dynamics of working memory maintenance and scanning of verbal information. Clin 
Neurophysiol, 128(6), 882-891. doi:10.1016/j.clinph.2017.03.005 

Kandel, E. R. (2001). The molecular biology of memory storage: a dialogue between genes and 
synapses. Science, 294(5544), 1030-1038. doi:10.1126/science.1067020 

Ketz, N., Morkonda, S. G., & O'Reilly, R. C. (2013). Theta coordinated error-driven learning in the 
hippocampus. PLoS Comput Biol, 9(6), e1003067. doi:10.1371/journal.pcbi.1003067 

Klimesch, W., Doppelmayr, M., Russegger, H., & Pachinger, T. (1996). Theta band power in the 
human scalp EEG and the encoding of new information. Neuroreport, 7(7), 1235-1240. 
doi:10.1097/00001756-199605170-00002 

Klimesch, W., Doppelmayr, M., Schwaiger, J., Auinger, P., & Winkler, T. (1999). 'Paradoxical' alpha 
synchronization in a memory task. Brain Res Cogn Brain Res, 7(4), 493-501. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/10076094 

Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). EEG alpha oscillations: the inhibition-timing 
hypothesis. Brain Res Rev, 53(1), 63-88. doi:10.1016/j.brainresrev.2006.06.003 

Klimesch, W., Schimke, H., Doppelmayr, M., Ripper, B., Schwaiger, J., & Pfurtscheller, G. (1996). 
Event-related desynchronization (ERD) and the Dm effect: does alpha desynchronization 
during encoding predict later recall performance? Int J Psychophysiol, 24(1-2), 47-60. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/8978435 

Kucewicz, M. T., Saboo, K., Berry, B. M., Kremen, V., Miller, L. R., Khadjevand, F., . . . Worrell, G. A. 
(2019). Human Verbal Memory Encoding Is Hierarchically Distributed in a Continuous 
Processing Stream. eNeuro, 6(1). doi:10.1523/ENEURO.0214-18.2018 

Lega, B., Burke, J., Jacobs, J., & Kahana, M. J. (2016). Slow-Theta-to-Gamma Phase-Amplitude 
Coupling in Human Hippocampus Supports the Formation of New Episodic Memories. Cereb 
Cortex, 26(1), 268-278. doi:10.1093/cercor/bhu232 

Lega, B. C., Jacobs, J., & Kahana, M. (2012). Human hippocampal theta oscillations and the formation 
of episodic memories. Hippocampus, 22(4), 748-761. doi:10.1002/hipo.20937 

Lin, J. J., Rugg, M. D., Das, S., Stein, J., Rizzuto, D. S., Kahana, M. J., & Lega, B. C. (2017). Theta band 
power increases in the posterior hippocampus predict successful episodic memory encoding 
in humans. Hippocampus, 27(10), 1040-1053. doi:10.1002/hipo.22751 

Lin, J. J., Umbach, G., Rugg, M. D., & Lega, B. (2019). Gamma oscillations during episodic memory 
processing provide evidence for functional specialization in the longitudinal axis of the 
human hippocampus. Hippocampus, 29(2), 68-72. doi:10.1002/hipo.23016 

Lisman, J. E., & Idiart, M. A. (1995). Storage of 7 +/- 2 short-term memories in oscillatory subcycles. 
Science, 267(5203), 1512-1515. doi:10.1126/science.7878473 

Lisman, J. E., & Jensen, O. (2013). The theta-gamma neural code. Neuron, 77(6), 1002-1016. 
doi:10.1016/j.neuron.2013.03.007 

Liu, Y., Dolan, R. J., Kurth-Nelson, Z., & Behrens, T. E. J. (2019). Human Replay Spontaneously 
Reorganizes Experience. Cell, 178(3), 640-652 e614. doi:10.1016/j.cell.2019.06.012 

Lopes da Silva, F. (2013). EEG and MEG: relevance to neuroscience. Neuron, 80(5), 1112-1128. 
doi:10.1016/j.neuron.2013.10.017 

Luthi, A. (2014). Sleep Spindles: Where They Come From, What They Do. Neuroscientist, 20(3), 243-
256. doi:10.1177/1073858413500854 

https://www.ncbi.nlm.nih.gov/pubmed/10076094
https://www.ncbi.nlm.nih.gov/pubmed/8978435


Lutzenberger, W., Ripper, B., Busse, L., Birbaumer, N., & Kaiser, J. (2002). Dynamics of gamma-band 
activity during an audiospatial working memory task in humans. J Neurosci, 22(13), 5630-
5638. doi:20026570 

Markram, H., Lubke, J., Frotscher, M., & Sakmann, B. (1997). Regulation of synaptic efficacy by 
coincidence of postsynaptic APs and EPSPs. Science, 275(5297), 213-215. 
doi:10.1126/science.275.5297.213 

McClelland, J. L., McNaughton, B. L., & O'Reilly, R. C. (1995). Why there are complementary learning 
systems in the hippocampus and neocortex: insights from the successes and failures of 
connectionist models of learning and memory. Psychol Rev, 102(3), 419-457. 
doi:10.1037/0033-295X.102.3.419 

McGeoch, J. A. (1932). Forgetting and the law of disuse. Psychological Review, .39(4), pp. 
doi:10.1037/h0069819 

Meeuwissen, E. B., Takashima, A., Fernandez, G., & Jensen, O. (2011). Increase in posterior alpha 
activity during rehearsal predicts successful long-term memory formation of word 
sequences. Hum Brain Mapp, 32(12), 2045-2053. doi:10.1002/hbm.21167 

Michelmann, S., Bowman, H., & Hanslmayr, S. (2016). The Temporal Signature of Memories: 
Identification of a General Mechanism for Dynamic Memory Replay in Humans. PLoS Biol, 
14(8), e1002528. doi:10.1371/journal.pbio.1002528 

Michelmann, S., Staresina, B. P., Bowman, H., & Hanslmayr, S. (2019). Speed of time-compressed 
forward replay flexibly changes in human episodic memory. Nat Hum Behav, 3(2), 143-154. 
doi:10.1038/s41562-018-0491-4 

Miller, K. J., Sorensen, L. B., Ojemann, J. G., & den Nijs, M. (2009). Power-law scaling in the brain 
surface electric potential. PLoS Comput Biol, 5(12), e1000609. 
doi:10.1371/journal.pcbi.1000609 

Molle, M., Eschenko, O., Gais, S., Sara, S. J., & Born, J. (2009). The influence of learning on sleep slow 
oscillations and associated spindles and ripples in humans and rats. Eur J Neurosci, 29(5), 
1071-1081. doi:10.1111/j.1460-9568.2009.06654.x 

Mormann, F., Fell, J., Axmacher, N., Weber, B., Lehnertz, K., Elger, C. E., & Fernandez, G. (2005). 
Phase/amplitude reset and theta-gamma interaction in the human medial temporal lobe 
during a continuous word recognition memory task. Hippocampus, 15(7), 890-900. 
doi:10.1002/hipo.20117 

Moscovitch, M. (2008). The hippocampus as a "stupid," domain-specific module: Implications for 
theories of recent and remote memory, and of imagination. Can J Exp Psychol, 62(1), 62-79. 
doi:10.1037/1196-1961.62.1.62 

Muehlroth, B. E., Sander, M. C., Fandakova, Y., Grandy, T. H., Rasch, B., Shing, Y. L., & Werkle-
Bergner, M. (2019). Precise Slow Oscillation-Spindle Coupling Promotes Memory 
Consolidation in Younger and Older Adults. Sci Rep, 9(1), 1940. doi:10.1038/s41598-018-
36557-z 

Muller, G. E., & Pilzecker, A. (1900). Experimentelle Beitrage zur Lehre vom Gedachtniss. Zsch. f. 
Psychol. Erganz, 1.  

Ngo, H. V., Fell, J., & Staresina, B. P. (2020). Sleep spindles mediate hippocampal-neocortical 
coupling during long-duration ripples. Elife. doi:10.7554/eLife.57011 

Ngo, H. V., Martinetz, T., Born, J., & Molle, M. (2013). Auditory closed-loop stimulation of the sleep 
slow oscillation enhances memory. Neuron, 78(3), 545-553. 
doi:10.1016/j.neuron.2013.03.006 

Niknazar, M., Krishnan, G. P., Bazhenov, M., & Mednick, S. C. (2015). Coupling of Thalamocortical 
Sleep Oscillations Are Important for Memory Consolidation in Humans. PLoS One, 10(12), 
e0144720. doi:10.1371/journal.pone.0144720 

Nir, Y., Staba, R. J., Andrillon, T., Vyazovskiy, V. V., Cirelli, C., Fried, I., & Tononi, G. (2011). Regional 
slow waves and spindles in human sleep. Neuron, 70(1), 153-169. 
doi:10.1016/j.neuron.2011.02.043 



Noh, E., Herzmann, G., Curran, T., & de Sa, V. R. (2014). Using single-trial EEG to predict and analyze 
subsequent memory. Neuroimage, 84, 712-723. doi:10.1016/j.neuroimage.2013.09.028 

Norman, Y., Yeagle, E. M., Khuvis, S., Harel, M., Mehta, A. D., & Malach, R. (2019). Hippocampal 
sharp-wave ripples linked to visual episodic recollection in humans. Science, 365(6454). 
doi:10.1126/science.aax1030 

Noy, N., Bickel, S., Zion-Golumbic, E., Harel, M., Golan, T., Davidesco, I., . . . Malach, R. (2015). 
Intracranial recordings reveal transient response dynamics during information maintenance 
in human cerebral cortex. Hum Brain Mapp, 36(10), 3988-4003. doi:10.1002/hbm.22892 

Osipova, D., Takashima, A., Oostenveld, R., Fernandez, G., Maris, E., & Jensen, O. (2006). Theta and 
gamma oscillations predict encoding and retrieval of declarative memory. J Neurosci, 26(28), 
7523-7531. doi:10.1523/JNEUROSCI.1948-06.2006 

Otten, L. J., & Rugg, M. D. (2002). The birth of a memory. Trends Neurosci, 25(6), 279-281; discussion 
281-272. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/12086736 

Paller, K. A., & Wagner, A. D. (2002). Observing the transformation of experience into memory. 
Trends Cogn Sci, 6(2), 93-102. Retrieved from 
https://www.ncbi.nlm.nih.gov/pubmed/15866193 

Parish, G., Hanslmayr, S., & Bowman, H. (2018). The Sync/deSync Model: How a Synchronized 
Hippocampus and a Desynchronized Neocortex Code Memories. J Neurosci, 38(14), 3428-
3440. doi:10.1523/JNEUROSCI.2561-17.2018 

Park, J., Lee, H., Kim, T., Park, G. Y., Lee, E. M., Baek, S., . . . Kang, J. K. (2014). Role of low- and high-
frequency oscillations in the human hippocampus for encoding environmental novelty 
during a spatial navigation task. Hippocampus, 24(11), 1341-1352. doi:10.1002/hipo.22315 

Pastotter, B., & Bauml, K. T. (2014). Distinct slow and fast cortical theta dynamics in episodic 
memory retrieval. Neuroimage, 94, 155-161. doi:10.1016/j.neuroimage.2014.03.002 

Pavlides, C., Greenstein, Y. J., Grudman, M., & Winson, J. (1988). Long-term potentiation in the 
dentate gyrus is induced preferentially on the positive phase of theta-rhythm. Brain Res, 
439(1-2), 383-387. doi:10.1016/0006-8993(88)91499-0 

Payne, L., Guillory, S., & Sekuler, R. (2013). Attention-modulated alpha-band oscillations protect 
against intrusion of irrelevant information. J Cogn Neurosci, 25(9), 1463-1476. 
doi:10.1162/jocn_a_00395 

Pfurtscheller, G., Stancak, A., Jr., & Neuper, C. (1996). Event-related synchronization (ERS) in the 
alpha band--an electrophysiological correlate of cortical idling: a review. Int J Psychophysiol, 
24(1-2), 39-46. doi:10.1016/s0167-8760(96)00066-9 

Poeppel, D., Mangun, G. R., & Gazzaniga, M. S. (2020). The cognitive neurosciences (Sixth edition. 
ed.). Cambridge, MA: The MIT Press. 

Polania, R., Nitsche, M. A., Korman, C., Batsikadze, G., & Paulus, W. (2012). The importance of timing 
in segregated theta phase-coupling for cognitive performance. Curr Biol, 22(14), 1314-1318. 
doi:10.1016/j.cub.2012.05.021 

Raghavachari, S., Kahana, M. J., Rizzuto, D. S., Caplan, J. B., Kirschen, M. P., Bourgeois, B., . . . Lisman, 
J. E. (2001). Gating of human theta oscillations by a working memory task. J Neurosci, 21(9), 
3175-3183. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/11312302 

Reinhart, R. M. G., & Nguyen, J. A. (2019). Working memory revived in older adults by synchronizing 
rhythmic brain circuits. Nat Neurosci, 22(5), 820-827. doi:10.1038/s41593-019-0371-x 

Roux, F., & Uhlhaas, P. J. (2014). Working memory and neural oscillations: alpha-gamma versus 
theta-gamma codes for distinct WM information? Trends Cogn Sci, 18(1), 16-25. 
doi:10.1016/j.tics.2013.10.010 

Roux, F., Wibral, M., Mohr, H. M., Singer, W., & Uhlhaas, P. J. (2012). Gamma-band activity in human 
prefrontal cortex codes for the number of relevant items maintained in working memory. J 
Neurosci, 32(36), 12411-12420. doi:10.1523/JNEUROSCI.0421-12.2012 

https://www.ncbi.nlm.nih.gov/pubmed/12086736
https://www.ncbi.nlm.nih.gov/pubmed/15866193
https://www.ncbi.nlm.nih.gov/pubmed/11312302


Rozengurt, R., Shtoots, L., Sheriff, A., Sadka, O., & Levy, D. A. (2017). Enhancing early consolidation of 
human episodic memory by theta EEG neurofeedback. Neurobiol Learn Mem, 145, 165-171. 
doi:10.1016/j.nlm.2017.10.005 

Rutishauser, U., Ross, I. B., Mamelak, A. N., & Schuman, E. M. (2010). Human memory strength is 
predicted by theta-frequency phase-locking of single neurons. Nature, 464(7290), 903-907. 
doi:10.1038/nature08860 

Sarasso, S., Proserpio, P., Pigorini, A., Moroni, F., Ferrara, M., De Gennaro, L., . . . Nobili, L. (2014). 
Hippocampal sleep spindles preceding neocortical sleep onset in humans. Neuroimage, 86, 
425-432. doi:10.1016/j.neuroimage.2013.10.031 

Sarnthein, J., Petsche, H., Rappelsberger, P., Shaw, G. L., & von Stein, A. (1998). Synchronization 
between prefrontal and posterior association cortex during human working memory. Proc 
Natl Acad Sci U S A, 95(12), 7092-7096. doi:10.1073/pnas.95.12.7092 

Sauseng, P., Klimesch, W., Heise, K. F., Gruber, W. R., Holz, E., Karim, A. A., . . . Hummel, F. C. (2009). 
Brain oscillatory substrates of visual short-term memory capacity. Curr Biol, 19(21), 1846-
1852. doi:10.1016/j.cub.2009.08.062 

Schabus, M., Dang-Vu, T. T., Albouy, G., Balteau, E., Boly, M., Carrier, J., . . . Maquet, P. (2007). 
Hemodynamic cerebral correlates of sleep spindles during human non-rapid eye movement 
sleep. Proc Natl Acad Sci U S A, 104(32), 13164-13169. doi:10.1073/pnas.0703084104 

Schneidman, E., Puchalla, J. L., Segev, R., Harris, R. A., Bialek, W., & Berry, M. J., 2nd. (2011). Synergy 
from silence in a combinatorial neural code. J Neurosci, 31(44), 15732-15741. 
doi:10.1523/JNEUROSCI.0301-09.2011 

Sederberg, P. B., Schulze-Bonhage, A., Madsen, J. R., Bromfield, E. B., McCarthy, D. C., Brandt, A., . . . 
Kahana, M. J. (2007). Hippocampal and neocortical gamma oscillations predict memory 
formation in humans. Cereb Cortex, 17(5), 1190-1196. doi:10.1093/cercor/bhl030 

Siebenhuhner, F., Wang, S. H., Palva, J. M., & Palva, S. (2016). Cross-frequency synchronization 
connects networks of fast and slow oscillations during visual working memory maintenance. 
Elife, 5. doi:10.7554/eLife.13451 

Solomon, E. A., Kragel, J. E., Sperling, M. R., Sharan, A., Worrell, G., Kucewicz, M., . . . Kahana, M. J. 
(2017). Widespread theta synchrony and high-frequency desynchronization underlies 
enhanced cognition. Nat Commun, 8(1), 1704. doi:10.1038/s41467-017-01763-2 

Solomon, E. A., Stein, J. M., Das, S., Gorniak, R., Sperling, M. R., Worrell, G., . . . Kahana, M. J. (2019). 
Dynamic Theta Networks in the Human Medial Temporal Lobe Support Episodic Memory. 
Curr Biol, 29(7), 1100-1111 e1104. doi:10.1016/j.cub.2019.02.020 

Staresina, B. P., Bergmann, T. O., Bonnefond, M., van der Meij, R., Jensen, O., Deuker, L., . . . Fell, J. 
(2015). Hierarchical nesting of slow oscillations, spindles and ripples in the human 
hippocampus during sleep. Nat Neurosci, 18(11), 1679-1686. doi:10.1038/nn.4119 

Staresina, B. P., & Wimber, M. (2019). A Neural Chronometry of Memory Recall. Trends Cogn Sci, 
23(12), 1071-1085. doi:10.1016/j.tics.2019.09.011 

Staudigl, T., & Hanslmayr, S. (2013). Theta oscillations at encoding mediate the context-dependent 
nature of human episodic memory. Curr Biol, 23(12), 1101-1106. 
doi:10.1016/j.cub.2013.04.074 

Steriade, M. (2003). The corticothalamic system in sleep. Front Biosci, 8, d878-899. 
doi:10.2741/1043 

Steriade, M., Nunez, A., & Amzica, F. (1993). A novel slow (< 1 Hz) oscillation of neocortical neurons 
in vivo: depolarizing and hyperpolarizing components. J Neurosci, 13(8), 3252-3265. 
Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/8340806 

Sternberg, S. (1966). High-speed scanning in human memory. Science, 153(3736), 652-654. 
doi:10.1126/science.153.3736.652 

Sternberg, S. (2016). In defence of high-speed memory scanning. Q J Exp Psychol (Hove), 69(10), 
2020-2075. doi:10.1080/17470218.2016.1198820 

https://www.ncbi.nlm.nih.gov/pubmed/8340806


Stickgold, R. (2005). Sleep-dependent memory consolidation. Nature, 437(7063), 1272-1278. 
doi:10.1038/nature04286 

Suthana, N., Haneef, Z., Stern, J., Mukamel, R., Behnke, E., Knowlton, B., & Fried, I. (2012). Memory 
enhancement and deep-brain stimulation of the entorhinal area. N Engl J Med, 366(6), 502-
510. doi:10.1056/NEJMoa1107212 

Sweeney-Reed, C. M., Zaehle, T., Voges, J., Schmitt, F. C., Buentjen, L., Kopitzki, K., . . . Richardson-
Klavehn, A. (2014). Corticothalamic phase synchrony and cross-frequency coupling predict 
human memory formation. Elife, 3, e05352. doi:10.7554/eLife.05352 

Tallon-Baudry, C., Bertrand, O., Peronnet, F., & Pernier, J. (1998). Induced gamma-band activity 
during the delay of a visual short-term memory task in humans. J Neurosci, 18(11), 4244-
4254. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/9592102 

Teyler, T. J., & DiScenna, P. (1986). The hippocampal memory indexing theory. Behav Neurosci, 
100(2), 147-154. doi:10.1037//0735-7044.100.2.147 

Tononi, G., & Cirelli, C. (2006). Sleep function and synaptic homeostasis. Sleep Med Rev, 10(1), 49-62. 
doi:10.1016/j.smrv.2005.05.002 

Tort, A. B., Komorowski, R. W., Manns, J. R., Kopell, N. J., & Eichenbaum, H. (2009). Theta-gamma 
coupling increases during the learning of item-context associations. Proc Natl Acad Sci U S A, 
106(49), 20942-20947. doi:10.1073/pnas.0911331106 

Tuladhar, A. M., ter Huurne, N., Schoffelen, J. M., Maris, E., Oostenveld, R., & Jensen, O. (2007). 
Parieto-occipital sources account for the increase in alpha activity with working memory 
load. Hum Brain Mapp, 28(8), 785-792. doi:10.1002/hbm.20306 

van Vugt, M. K., Schulze-Bonhage, A., Litt, B., Brandt, A., & Kahana, M. J. (2010). Hippocampal 
gamma oscillations increase with memory load. J Neurosci, 30(7), 2694-2699. 
doi:10.1523/JNEUROSCI.0567-09.2010 

van Vugt, M. K., Sekuler, R., Wilson, H. R., & Kahana, M. J. (2013). An electrophysiological signature 
of summed similarity in visual working memory. J Exp Psychol Gen, 142(2), 412-425. 
doi:10.1037/a0029759 

Vaz, A. P., Inati, S. K., Brunel, N., & Zaghloul, K. A. (2019). Coupled ripple oscillations between the 
medial temporal lobe and neocortex retrieve human memory. Science, 363(6430), 975-978. 
doi:10.1126/science.aau8956 

Violante, I. R., Li, L. M., Carmichael, D. W., Lorenz, R., Leech, R., Hampshire, A., . . . Sharp, D. J. (2017). 
Externally induced frontoparietal synchronization modulates network dynamics and 
enhances working memory performance. Elife, 6. doi:10.7554/eLife.22001 

Vosskuhl, J., Huster, R. J., & Herrmann, C. S. (2015). Increase in short-term memory capacity induced 
by down-regulating individual theta frequency via transcranial alternating current 
stimulation. Front Hum Neurosci, 9, 257. doi:10.3389/fnhum.2015.00257 

Voytek, B., Kramer, M. A., Case, J., Lepage, K. Q., Tempesta, Z. R., Knight, R. T., & Gazzaley, A. (2015). 
Age-Related Changes in 1/f Neural Electrophysiological Noise. J Neurosci, 35(38), 13257-
13265. doi:10.1523/JNEUROSCI.2332-14.2015 

Wang, D., Clouter, A., Chen, Q., Shapiro, K. L., & Hanslmayr, S. (2018). Single-Trial Phase Entrainment 
of Theta Oscillations in Sensory Regions Predicts Human Associative Memory Performance. J 
Neurosci, 38(28), 6299-6309. doi:10.1523/JNEUROSCI.0349-18.2018 

Wen, H., & Liu, Z. (2016). Separating Fractal and Oscillatory Components in the Power Spectrum of 
Neurophysiological Signal. Brain Topogr, 29(1), 13-26. doi:10.1007/s10548-015-0448-0 

Wespatat, V., Tennigkeit, F., & Singer, W. (2004). Phase sensitivity of synaptic modifications in 
oscillating cells of rat visual cortex. J Neurosci, 24(41), 9067-9075. 
doi:10.1523/JNEUROSCI.2221-04.2004 

Wolinski, N., Cooper, N. R., Sauseng, P., & Romei, V. (2018). The speed of parietal theta frequency 
drives visuospatial working memory capacity. PLoS Biol, 16(3), e2005348. 
doi:10.1371/journal.pbio.2005348 

https://www.ncbi.nlm.nih.gov/pubmed/9592102


Zhang, H., Fell, J., & Axmacher, N. (2018). Electrophysiological mechanisms of human memory 
consolidation. Nat Commun, 9(1), 4103. doi:10.1038/s41467-018-06553-y 

 


