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Chapter 7
A Role for Neuronal Oscillations of Sleep 
in Memory and Cognition

Lisa Marshall

 Sleep and Memory Across Species

This chapter deals with oscillations of neurons and networks that are relevant for 
different cognitive processes, in particular for memory retention in animals and 
humans during sleep. This first section gives a brief insight into sleep and memory 
in nonmammalian species.

The greatest amount of research on neuronal oscillations and plasticity has been 
conducted in vertebrates, more specifically on mammals. Studies on simpler inver-
tebrate models—most notably the fruit fly and honey bee—have the advantage that 
the process of memory formation can more easily be dissected, from systems down 
to the molecular level, than for higher-order animals [1, 2]. Despite well-established 
proof of memory and plasticity in these species, behavioral rather than electrophysi-
ological definitions of sleep are up to now mostly employed [3, 4]. Only very 
recently were 7–10 Hz oscillations discovered in the spontaneously sleeping fly [5]. 
In the olfactory nervous system of the Drosophila, several memory traces associated 
with short-term, intermediate, and long-term memory after conditioning with odors 
have meanwhile been reported [6]. For odor as well as for visual memories, a 
dynamic interaction between different brain regions across time reminiscent of 
memory in higher-order animals occurs [7, 8]. Neuronal oscillations in the honey 
bee brain have not been published. Yet, not only was sleep found relevant for con-
solidating navigation memory [9], but presentation of a contextual odor during sleep 
enhanced subsequent retention performance [10]. Although the dependence on neu-
ronal activity during sleep has, to the authors’ knowledge, not yet been investigated, 
separate studies have revealed in crayfish both brain electric activity characteristic 
of sleep [11], as well as evidence of spatial and motor learning [12, 13].
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Avian non-rapid eye movement (NREM) sleep is dominated by slow-wave 
 activity, with slow waves found to propagate within the hyperpallium, yet sleep 
spindles and hippocampal sharp-wave ripples (SPWRs) have not been detected 
[14–16]. Studies relating neuronal oscillatory activity to memory consolidation are 
not as fine-grained as in mammals, yet sleep-dependent memory consolidation 
together with increased slow EEG activity occurred in visual imprinting [17], and a 
spatial discrimination task [18]. In seeming accordance with the absence of hippo-
campal SPWRs in birds, which in mammals are closely coupled to neocortical 
activity [19, 20], conclusive evidence for a hippocampal to extra-hippocampal 
transfer of information for long-term storage in birds is lacking [14].

 Neuronal Oscillations in Sleep

From the above, it is evident that neuronal oscillations of sleep and their putative 
function cannot a priori be addressed universally across species. Even within mam-
mals, distinctions between different preparations of the same tissue are necessary, 
as evidenced, e.g., by different cortical layers from which the cortical slow oscilla-
tion has been found to initiate in the brain slice of ferrets vs. human patients [21, 
22]. Nevertheless, deductions on the mechanisms and function of human sleep spin-
dles are necessarily often made on the basis of activity within brains or brain tissue 
of laboratory mammals.

 Sleep Spindles

In essence, sleep spindles are generated by rhythmic spike-bursts in GABAergic cells 
of the thalamic reticular nucleus, which induce inhibitory postsynaptic potentials 
(IPSPs) in target thalamocortical cells, e.g., via corticothalamic input. The hyperpo-
larization with deeper NREM sleep of the membrane potential in these thalamocorti-
cal cells de-inactivates the Ca2+-dependent current, It, activates the intrinsic Ih current, 
and enables generation of a low threshold calcium spike crowned by high-frequency 
bursts of fast Na+-mediated action potentials [23–25]. The bursts of thalamocortical 
neurons induce in cortical neurons rhythmic excitatory postsynaptic potentials 
(EPSPs) and occasional action potentials. Synaptic interactions between reticular 
and thalamocortical neurons represent the spindle pacemaker, in particular during the 
mid-portion of a spindle. On the other hand, the cortex appears to be involved in 
spindle synchronization during spindle initiation as well as in the desynchronization 
of thalamic activity during spindle termination [25, 26]. In contrast to the abovemen-
tioned tonic shift toward hyperpolarization with deeper NREM sleep, recent simulta-
neous intracranial thalamic and cortical recordings in humans suggest that cortical 
slow oscillation down states and subsequent thalamic down states lead to a phasic 
hyperpolarization which presents the prerequisite for spindle generation [27]. 
Gardner and colleagues [28] recently differentiated between  cortical subnetworks 

L. Marshall



201

activated in the medial prefrontal cortex (mPFC) in rats during spindle initiation and 
termination. During spindle initiation firing of “early” cells was strongly entrained 
and in-phase with spikes from cells of the thalamic reticular nucleus, whereby firing 
was antiphase during spindle termination. Interestingly, spindle length correlated 
most robustly with the ongoing activity of inhibitory reticular thalamic cells [29]. 
Neuronal firing patterns, cellular location, and spectral- temporal evolution of indi-
vidual spindles were taken to suggest that across spindle epochs, distinct cortical 
subnetworks are differentially engaged.

Changes in intraspindle frequencies were found by several studies recording 
local field potentials (LFPs) in the mPFC [28, 30, 31]. The reports on the direction 
of frequency change from spindle onset to offset were, however, inconsistent. 
Interestingly, the two studies in humans show decreases in intraspindle frequency 
for fast and slow spindles [30, 31], whereas in rodents, increases were observed [19, 
28]. Frequency changes are suggested to depend on thalamocortical (hyper)polar-
ization level [19, 28, 30–33].

The existence of multiple spindle generators in humans has been concluded 
using various techniques: combined EEG and magnetoencephalogram (MEG) 
measurements, high-density EEG with source imaging [31, 34, 35], and intracra-
nial recordings [30, 33]. Aside from existing in the neocortex and thalamus  reliable 
spindles, detected within the range of 9–16 Hz, also appear to occur in the para-
hippocampus and hippocampus [30, 36]. As reflected in the EEG, slower spindles 
detected intracranially in humans occur predominantly in anterior regions, or have 
a greater percentage of anteriorly localized sources, and faster spindles are more 
pronounced in parietal regions [30, 33, 35, 37]. Regarding the timing of slow vs. 
fast spindles EEG, foramen ovale and intracranial depth recordings have indicated 
that fast posterior spindles precede slow frontal spindles by about 500 ms [30, 38, 
39]. In a study recording simultaneously EEG and MEG, it was proposed that the 
~150 ms earlier occurrence of MEG spindles, in the vast majority of cases, may 
reflect an initial local spindle source which then recruits active networks and shifts 
frontally, enabling subsequent detection in EEG derivations [31]. Using intracra-
nial depth electrodes, Andrillon and colleagues distinguished a greater number of 
locally—as compared to globally—occurring sleep spindles, in particular in the 
beginning of nocturnal sleep. Notably, larger amplitude spindles were, more 
 frequently, global than local in nature, i.e., occurring in concordance in  different 
cortical and brain regions. Differences in timing of spindles between  different 
cortical regions has been suggested to reflect propagation along the  thalamic retic-
ular nucleus rather than through intracortical pathways [30]. Interestingly, 
although cells of different thalamic nuclei revealed different preferred firing 
phases relative to the slow oscillation, timing was still dependent upon the ongo-
ing cortical network pattern and also the exact activity of thalamocortical cells 
[40]. The distribution of current source density sinks and sources across cortical 
layers in humans gives strong support to the concept that thalamocortical core and 
matrix projections are reflected in different spindle features, at least when mea-
sured intracortically [41].
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A characteristic, frequently measured, feature of discrete spindles is their  density. 
Comparisons in this measure between groups are hampered by the use of  different 
recording derivations and detection algorithms, as well as by the use of different 
sleep spindle frequency bands. Further factors contributing to variance include the 
sleep stage and/or time intervals within which spindle power or discrete spindles are 
analyzed, and subject age and gender, aside from nontrivial interindividual differ-
ences [42, 43]. Especially fast spindles reveal pronounced gender differences in 
frequency and amplitude (Fig. 7.1).

The putative effects of these variables should be sufficiently reported and/or 
 controlled when investigating the interaction with cognitive tasks. Within- and 

Fig. 7.1 Gender differences in sleep spindles: Mean (±SEM) spectral power for all epochs of 
stage 2 sleep across nocturnal sleep at Pz. Continuous gray lines, female; dashed black lines, male. 
Mean fast spindle power (11.5–15 Hz) was significantly higher in females than males (13.8 ± 0.1 Hz 
vs. 13.1 ± 0.2 Hz, p < 0.01, N = 34, 17 females; Aumann & Marshall, unpublished results)
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between- subject comparisons can be differentially biased by these parameters. 
Some examples of variations are given below.

Spindle densities of 4–6/min are frequently reported in young, healthy (<30 years) 
subjects when spindle density was computed on the bases of calculating the root 
mean square of the spindle band signal or detected visually [44–48]. Studies report-
ing densities of only 2–3/min [49, 50] had investigated relatively older subject pop-
ulations (mean age of 36  years), which may explain the relatively low spindle 
density [50], since density declines with age [48, 51]. The effect of analyzing spin-
dle density within epochs of different sleep stages was documented in a study 
employing young (mean 25 years), healthy male subjects. Fast spindles (12–15 Hz) 
measured over averaged centro-parietal sites during stage 2 sleep revealed here a 
density of 5.8/min, whereas slow spindles (9–12 Hz) over fronto-central locations 
during slow-wave sleep (SWS) averaged only 3.4/min. Slow spindle density during 
stage 2 sleep and fast spindle density during SWS were intermediate [47].

Spindle density and spindle frequency measured intracellularly from 12 different 
neocortical regions along the caudo-rostral direction in humans correlated posi-
tively [33]. In line with this, both spindle frequency and spindle density can reveal 
a strong negative correlation with slow-wave activity during NREM sleep (r = −0.81, 
p < =0.005, and r = −0.73, p = 0.02, respectively) [30]. Slow and fast spindles also 
differ in the variability of their peak frequency between SWS and stage 2 sleep, with 
fast spindle frequency being more consistent. Slow spindle peak frequency in the 
above study was about 1 Hz slower in SWS (with a mean of 10.2 Hz) compared to 
stage 2 sleep (Fig. 7.2) [30, 47].

 Slow-Wave Activity and Slow Oscillations

SWS is characterized by cortical slow wave activity (SWA, <4 Hz) and the sleep 
slow oscillations, which in human EEG1 and rat LFP are ~0.8  Hz and ~1.4  Hz, 
respectively [52].

Delta activity (typically 1–4 Hz) is a historically older term, which distinguishes 
between two types of oscillations generated as the result of either (synaptic) cortical 
or (intrinsic) thalamic activity [53]. The sleep slow oscillation is well defined down 
to the cellular level, where it was initially described [54, 55]. It is generally acknowl-
edged that during the sleep slow oscillation neurons (excitatory and inhibitory) 
undergo a bistable state lasting each hundreds of milliseconds during which either 
membrane depolarization and vigorous firing (up state), or hyperpolarization and 
neuronal silence (down state) dominate [56–59]. Initial EEG and LFP measurements 
suggested widespread cortical activity, yet high-density EEG demonstrate that slow 
oscillations and slow wave activity can also be locally regulated [56, 60, 61]. In fact, 

1 Note that slow oscillation will be used here as defined electrophysiologically, i.e. human EEG 
large amplitude oscillations during NREM sleep, >−80 μV negative peak, >140 μV peak-to peak, 
in a 3.5 Hz low-pass filtered signal, with lengths between positive-to-negative zero crossings from 
0.9 to 2 s [39].
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the molecular and cellular mechanisms for the contribution of local brain activity to 
the regulation of sleep per se [62], and to the initiation and  maintenance of the slow 
oscillation state [63, 64], are becoming increasingly evident. Further features of the 
slow oscillation (or SWA) per se, such as anterior to posterior propagation [61], 
dynamical changes across the night [56, 65, 66], or basic cellular/network generators 
and the specific contribution of cortical inhibitory interneurons, are not to be pre-
sented here, but have been reported elsewhere [57, 67–70]. Although the concept has 
for long prevailed that slow oscillations were generated exclusively by intrinsic and 

Fig. 7.2 EEG power during NREM sleep across the whole night. EEG power during stage 2 sleep 
and SWS reveal pronounced differences within the spindle frequency bands. Insets show enhanced 
views of spindle activity. Although there are clear peaks for slow and fast spindle activity during 
SWS, only fast spindle activity shows a clear peak during stage 2 sleep. Lines represent the 27 
EEG channels. (Republished with permission of American Academy of Sleep Medicine. Mölle M, 
Bergmann TO, Marshall L, Born J. Fast and slow spindles during the sleep slow oscillation: dispa-
rate coalescence and engagement in memory processing. Sleep. 2011;34(10):1411–21; permission 
conveyed through Copyright Clearance Center, Inc.)
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synaptic mechanisms within the neocortex, recent data argue toward the relevance of 
the thalamocortical network for understanding slow oscillation generation in natural 
sleep and anesthesia [71].

Sleep spindles occur consistently during the up state of the slow oscillation. Less 
known is that slow and fast spindles occur at different phases of the slow oscillation. 
Indeed, slow frontal and fast centro-parietal spindles in humans differ in other fea-
tures aside from frequency and topography. Phase-amplitude cross-frequency cou-
pling between the slow oscillation and each of the two spindle bands with center 
frequencies fc = 10.5 Hz and fc = 13.5 Hz within SWS of each subject revealed that 
the amplitude of the slow spindle did not couple as consistently to the phase of the 
slow oscillation as that of the fast spindle. Significant coherence for fast spindles at 
Pz (Fz) was measured for 49 (42) out of 54 subjects, whereas for slow spindles at Fz 
(Pz) within the same SWS epochs significant phase-amplitude coupling [72] was 
only calculated for 20 (6) of the 54 subjects (D. Aumann and L. Marshall, prelimi-
nary results). A comprehensive investigation into differential coupling characteris-
tics was recently conducted by cox and colleagues [73].

 Induced Oscillations in Sleep

The relevance of induced oscillations and phase relationships can be well investi-
gated by applying low-intensity sensory stimulation during sleep. Tones, acoustic 
bursts, or verbal stimuli can induce spindle or K-complex-/slow oscillation like 
 cortical responses in EEG [74–79]. The relevance for memory consolidation was 
initially investigated by Ngo and colleagues [75], and subsequently by others as 
reviewed in Wilckens and colleagues [80]. Ngo and colleagues showed that the 
delivery of an auditory tone which induced a potential in-phase with the ongoing 
rhythmic occurrence of a slow oscillation led not only to an enhanced slow oscilla-
tion rhythm, but also to increased fast and slow spindle power. Above all, stimula-
tion led to increased retention of words in a paired-associate learning task. 
Phase-independent auditory stimulation, however, did not improve declarative 
memory performance [81]. Therein slow oscillations and slow-wave activity were 
enhanced, but both fast and slow spindle power were decreased. These and other 
data argue that a specific constellation of neuronal oscillations, such as slow oscil-
lations together with sleep spindles, are of functional relevance for memory consoli-
dation [69, 82, 83]. Transcranial magnetic stimulation (TMS) has also frequently 
been employed to modulate neuronal oscillations [84–87], and to induce local pro-
cesses of plasticity in subsequent sleep [88, 89], but to the author’s knowledge no 
study incorporates the modulation of higher cognitive processes by TMS during 
sleep while recording any kind of brain electric activity in humans.

Another method of probing the interaction between oscillatory activity and 
memory processes during sleep is by transcranial application of weak electric stim-
ulation. In particular, oscillatory stimulation has been impressively shown in vitro 
to entrain local field potentials after several stimulation cycles [90]. In principle, 
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due to its low current strength (typically between 0.25 and 2 mA) weak electric 
stimulation only modulates neuronal networks at the subthreshold level. Thus, 
effects of oscillatory weak electric stimulation are more moderate and act via differ-
ent mechanisms than those produced by auditory stimulation [90, 91]. This putative 
subthreshold action means also that responses to weak electric currents are strongly 
dependent on the ongoing brain electric activity. Furthermore, as shown by experi-
mental data and on theoretical grounds, oscillatory weak electric currents or fields 
are most effective at the resonance frequency of the network [92, 93]. Indeed, slow 
oscillating stimulation applied during NREM sleep has been shown to enhance 
power in the slow oscillation, spindle frequency bands, and/or retention of declara-
tive but not non-declarative memories [94–97]; yet a lack of modulation has also 
been reported [80]. Along the same vein, retention of a declarative memory was 
impaired by ~5 Hz weak electric stimulation, i.e., at a nonresonant frequency, which 
also suppressed EEG slow oscillation and slow spindle power [97]. Interestingly, 
when applied during REM sleep ~5 Hz oscillatory tDCS had no effect on memory 
consolidation, but enhanced gamma band activity (25–45 Hz) in the poststimulation 
interval. It might therefore be hypothesized that lucid dreaming, which is associated 
with enhanced gamma band activity over the frontal cortex [98], may be susceptible 
to this stimulation. In fact, recently, 40 Hz oscillatory stimulation applied during 
REM sleep was effective in enhancing both endogenous gamma band activity and 
self-reflective awareness in dreams [99].

The feature that weak electric stimulation is strongly dependent on brain state is 
not only a virtue of the method in that the system is minimally disturbed by manipu-
lation, but also a caveat. The efficacy of weak electric stimulation is dependent on 
covert properties, i.e., properties of the brain neuronal activity escaping measure-
ment. During application of slow oscillatory weak electric stimulation phase ampli-

Mean vector length

Anodal Sham Endogenous

Fig. 7.3 Mean vector length reflecting coupling strength of fast spindles at Pz to the endogenous 
slow oscillation (left), anodal transcranial slow oscillatory stimulation (middle), and a virtually 
generated sham signal. Whereas coupling to the endogenous oscillations is highly significant 
(p < 0.001), coupling to the weak electric stimulation is weaker (p < 0.05). (Adapted by permission 
from Springer Nature. Campos-Beltrán D, Marshall L. Electric stimulation to improve memory 
consolidation during sleep. In: Axmacher N, Rasch B, editors. Cognitive neuroscience of memory 
consolidation. New York: Springer; 2017. p. 301–12)
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tude coupling to spindles reached significance, but coupling strength was much 
weaker than between endogenous oscillations (Fig. 7.3). As will be described in the 
following, neuronal activity reflected in oscillatory potential fluctuations does not 
only effect cognitive processing during sleep, but presleep experience in turn also 
modifies neuronal oscillations of sleep. Thus, the efficiency of weak electric stimu-
lation may well be significantly influenced by the extent of presleep learning, or 
existing interindividual trait-like electrophysiological features [100, 101].

Optogenetic activation of channelrhodopsin2-expressing thalamocortical neu-
rons enabled the systematic modulation of cortical slow oscillation frequency in 
anesthetized rats [102]. The highest amplification of endogenous slow oscillation 
EEG power occurred when optogenetic activation was applied at the prevailing slow 
oscillation frequency.

 Sleep’s Influence on Memory

Although the impact of sleep deprivation on numerous cognitive functions has been 
reported [103, 104], the effect of specific neuronal oscillations in sleep on cognitive 
aspects has been most intensely investigated for memory consolidation. Within the 
process of memory formation, the consolidation of a memory occurs following 
learning, i.e., uptake and encoding of the contents to be remembered. The retention 
of a memory reflects the consolidation and is typically measured as the difference in 
performance between retrieval of the stored memory (recall performance) and 
encoding/learning performance.

Historically, the first experimental evidence for a positive influence of sleep on 
retention of memory came about 90 years ago from Jenkins and Dallenbach [105]. 
This finding was, however, explained within the framework of the passive interfer-
ence reduction hypothesis, which posits that sleep is beneficial for memory due to 
less interference from external stimuli.

Results of some studies [106, 107] argued that it was not just sleep per se that 
was relevant for memory, but the temporal proximity of sleep to the learning. A 
recent study employing both 12- and 24-h retention intervals with sleep and wake-
fulness in different orders underlined the relevance of the proximity of sleep to 
learning for the consolidation of spatial associative memory [108]. But training- 
induced changes in SWA despite a delay before sleep were also recently reported 
[109]. The consolidation theory (first put forth by Müller and Pilzecker in 1900) 
expressed that memories initially exist in a labile state before they go into a longer 
term storage form [110]. More direct evidence in favor of the consolidation function 
of sleep did not arise until more detailed features of sleep and sleep types—such as 
REM sleep and the cyclic organization of sleep [111, 112]—were described.

Already in the 1970s interactions between type of material learned and different 
benefits of sleep dependent upon sleep stage were reported [113–115]. (For a 
review, see Cipolli [116].) A further conceptual advancement was the dual process 
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hypothesis, which explicitly stated that SWS, which is dominant in humans during 
the first half of the night, is beneficial for the consolidation of declarative memory. 
Sleep during the second half of the night (REM sleep predominant), on the other 
hand, is proposed by the concept to be most beneficial for procedural memories. 
The sequential hypothesis in contrast underscores the relevance of the cyclic 
 succession of NREM and REM sleep (for in-depth recent reviews on studies sup-
porting these theories, see Rasch and Born [70], Giuditta, et al. [117], and Rauchs, 
et al. [118]). Both hypotheses posit an active role of sleep and ongoing neuronal 
activity to memory consolidation (as opposed to the passive interference reduction 
hypothesis). A third concept contrasting to the active consolidation theory is the 
opportunistic consolidation hypothesis. Here it is put forth that any brain state (not, 
e.g., SWS per se) occurring in close temporal proximity to learning is beneficial to 
memory consolidation, such as quiet wakefulness or also certain drugs, as long as 
the hippocampus is not occupied in encoding new memories [119].

Sleep has often been shown to be more beneficial for the consolidation of emo-
tional vs. neutral memories. REM sleep, REM-rich sleep periods, in particular pha-
sic REM epochs, have been found beneficial in regard to the consolidation of 
memories with high emotional valence, for preserving emotional reactivity, fear 
conditioning, and extinction, in both humans [120–124] and rodents [125, 126]. 
During REM sleep pontine-geniculate waves arising from the brainstem and theta 
oscillations in the amygdala, hippocampus, and medial prefrontal cortex, and most 
importantly their coherent occurrence, appear to be the most relevant underlying 
neuronal rhythms of the forebrain [126–128]. Significant differences between 
humans and rodents have, however, been measured regarding consistency and 
topography of hippocampal and cortical theta waves [129]. Successful fear extinc-
tion memory was dependent upon phasic pontine wave activity during post-training 
REM sleep arising from glutamatergic cells with high-frequency (>500 Hz) spike 
bursts (3–5 spikes/burst) on the background of tonically increased firing rates 
(30–40 Hz) [125]. It is beyond the scope of this chapter to report in depth on puta-
tive mechanisms of neuronal oscillations and their generators affecting memory; for 
this recent comprehensive reviews are referred to [42, 130–132].

Aside from specific neuronal oscillations, sleep and distinct sleep stages are 
associated with other physiological parameters, most apparently changes in neuro-
modulatory tone and neurotransmitter activity, but also autonomic events, which 
may contribute essentially to sleep-dependent plasticity [70, 133–135]. These phys-
iological effects of sleep also need to be considered when drawing conclusions from 
the impact of specific sleep stage suppression on the relevance of that particular 
sleep stage for a specific cognitive function [136, 137].

In addition to the consolidation of memories learned before sleep, sleep- 
dependent generalization, or the incorporation of recent into existing memories, as 
well as sleep’s role in selective forgetting are processes receiving increasing atten-
tion. Whether reactivation occurs during REM sleep, SWS, or both is an ongoing 
question [138–141].
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 Post-learning Neuronal Oscillations

Since neuronal activity during sleep is linked to prior neuronal activity [142, 143], it is 
not surprising that presleep learning and cognitive activity overtly modify the macro-
scopic neuronal oscillations and activity during sleep, specifically sleep spindles and 
slow wave features [39, 46, 52, 62, 144–147]. Several developments emerging in the 
second half of the twentieth century were essential in forwarding research on postexpe-
rience neuronal oscillations and/or brain electric activity in association with memory. 
One was the emergence of concepts for neurophysiological memory trace formation, 
according to which information is transferred to the neocortical long-term memory 
store via hippocampo-cortical connections during hippocampal SPWR events of slow-
wave sleep (SWS) [148–151]. Later developments incorporated mechanisms of long-
term potentiation (LTP), the relevance of behavior, and state-dependent changes for 
defining neuronal oscillatory patterns into the two- stage model [148, 149, 152]. There 
was also an upsurge in the interest of linking patterns of brain electric activity to bio-
chemical states of neurons during sleep subserving neuroplasticity, in particular the 
putative role of spindle oscillations in provoking a massive Ca2+ entry into neurons and 
long-term changes in cortical networks [153–156]. In most recent years, Ca2+ imaging 
has much contributed to elucidating the participation of different cell types to neuronal 
oscillations in sleep [68, 69]. A third development was the renewed interest in hippo-
campal place cells [157] in association with theta oscillations during exploratory 
behavior in rats. Mostly during SWS, postexperience spatially selective firing of hip-
pocampal place cells and hippocampal spatiotemporal activity patterns were investi-
gated [142, 143, 158–162]. Results emerging from this time, on the temporal relations 
between hippocampal SPWRs and thalamocortical sleep spindles, have since obtained 
extensive support, and finely tuned interactions between neocortical, hippocampal, and 
thalamic firing and local field potentials (LFPs) have been demonstrated [19, 20, 73, 
131, 163–165]. Experience-dependent reactivations during sleep have been mostly 
investigated in the hippocampus and neocortex, but particularly in relation to the motor 
system reactivations in other brain regions, e.g., the striatum are shown [70, 166–173]. 
A further boost in knowledge and in the search for answers to newly arising questions 
on spatial and temporal relations between brain regions involved in postexperience 
sleep came with the increased use of fMRI during human sleep (see Chap. 6 of this 
volume: Functional Neuroimaging of Brain Oscillations during Human Sleep).

Investigations into post-learning neuronal oscillations in human EEG during 
sleep also gained momentum toward the end of the twentieth century due to techni-
cal advancements in long-term data recording and analyses, which enabled digital 
time-saving detection of electrical events throughout a period of nocturnal sleep to 
become a standard procedure.

In this chapter the distinction between neuronal oscillations being induced by 
prior-learning and contributing to cognitive processing in sleep is artificial and drawn 
mostly from different experimental approaches. The following studies describe neu-
ronal oscillations induced by presleep learning as compared to those of a non-learn-
ing control, preferably of comparable sensory input and/or cognitive load.

7 A Role for Neuronal Oscillations of Sleep in Memory and Cognition
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In the same laboratory in which studies in humans first indicated that SWS-rich 
sleep in the first part of the night was beneficial for declarative memory formation, 
and REM-rich sleep in the second half of the night was relevant for procedural 
memory [174], the impact of learning on spindle activity was intensively investi-
gated. Gais and colleagues [46] found significantly higher spindle density in stage 2 
sleep within the first half of the night after learning on a declarative task paired- 
associate lists of unrelated words, as compared to a within-subject non-learning 
control task matched for visual input and difficulty. The difference in spindle den-
sity was most pronounced at Fz within the first 90 min of sleep. Neither spindle 
density in SWS nor any measure of EEG power or time spent in any sleep stage 
differed between the two experimental conditions. Similarly, Schabus and col-
leagues [175] found higher spindle activity of detected spindle events during stage 
2 sleep following an association task of randomly related word pairs as compared to 
a matched control condition. The spindle activity measure also correlated strongly 
with the overnight change in memory performance. Subsequent to exploring a maze 
as compared to no exploration, spindle activity as well as time spent in sleep stage 
2 were reported enhanced (Fig. 7.4) [176].

Memory content can also be relevant for subsequent neuronal oscillations in sleep: 
for instance, both SWA and sleep spindles were found to increase after learning 
words of sparse (or low) as compared to high semantic neighborhood density [177].

Conditions at learning furthermore impact post-learning neuronal oscillations: 
post-learning EEG power in the slow oscillation frequency, time spent in stage 4 
sleep, and spindle count in SWS were enhanced when subjects expected to be retested 
on the learned material as compared to subjects without this expectation [178].  
In a similar vein, parietal fast spindles over the left hemisphere reflected best the 

Fig. 7.4 Post-learning modification in fast spindle activity. Mean (±SEM) spindle activity revealed 
a relative increase in subjects improving on the memory task, but a relative decrease in subjects 
who did not improve. (Modified with permission from Schabus M, et al. Individual sleep spindle 
differences and their relation to learning-related enhancements. Brain Res. Vol. 1191. P. 127–35. © 
2008. With permission from Elsevier)
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effect of instruction at learning, to either remember or forget presented words.  
As compared to wake, sleep selectively facilitated the class of cued items to be 
remembered, but not the words to be forgotten. Investigation of other electrophysio-
logical events was not reported. Figure 7.4 shows an increase by learning of spindle 
activity, but only for those subjects which revealed good memory performance [179].

sLORETA (standardized low-resolution brain electromagnetic tomography), an 
EEG-based neuroimaging technique, identified for the spindle time course a repeating 
loop of activity throughout a network in the superior parietal, temporal, and inferior 
frontal cortex [180]. These regions reveal not only fMRI correlates of fast spindles but 
were previously found to promote successful instructed-remembering over forgetting 
[179, 180]. Another study showed that odor cues associated with words presented in 
left or right hemifields could locally induce fast spindles during NREM sleep [168].

The integration of words in the “mental lexicon” rather than consolidation per se 
also correlated with spindle count: a larger increase in lexical competition, i.e., the 
slower response time (an indication of successful addition to the mental lexicon) of 
test familiar base-words to familiar control base-words, was associated with a greater 
spindle count. In contrast, the overnight increase in consolidation of novel words per 
se, tested as recall or recognition of the novel words, did not correlate with spindle 
count [141].

Post-learning effects of the procedural tasks, particularly in regard to changes in 
sleep spindles and rapid eye movements, were investigated intensely by Smith and 
Fogel. It was hypothesized and verified vastly in experiments, that simple motor 
procedural learning tasks are associated with stage 2 sleep modifications, in particu-
lar spindle density, while implicitly learning procedural rules and new cognitive 
strategies (“cognitive procedural”) were associated with increases in density of 
rapid eye movements [44, 181, 182].

Four simple motor tasks requiring the refinement of motor skills, and not requiring 
the learning of rules or the development of a strategy—pursuit rotor, a simple version 
of the mirror tracing task, ball-and-cup game, operation—increased sleep spindle den-
sity as well as duration of stage 2 sleep across the night compared to a non-learning 
control group of six female subjects. In group comparisons of slightly larger sample 
size, mirror tracing led to an enhancement in REM density [181]. Subjects conducting 
both the mirror tracing and tower of Hanoi tasks before sleep, i.e., tasks with a large 
procedural component, revealed significant enhancements in the number of rapid eye 
movements in later sleep cycles as compared to a control group. No changes in sleep 
architecture of any type were found, neither spindle density nor EEG power of any 
frequency band were measured [183]. The relevance of REM density for consolidation 
is presumably linked to increased P-wave or ponto-geniculo-occipital (PGO) wave 
occurrence [184, 185]. As far as known to the author, no direct modulation of PGO 
waves has occurred parallel to any measurement of cognitive or mnemonic parameter.

Interestingly, long-range coupling within MEG delta activity during NREM 
sleep was recently reported subsequent to conducting a mirror tracing task. The 
coupled brain regions had been previously identified based on their enhanced 
involvement during the visuomotor mirror tracing task as compared to a control task 
in which slow (0.1 Hz) fluctuations in beta band power became synchronized [186].

7 A Role for Neuronal Oscillations of Sleep in Memory and Cognition



212

Motor sequence learning tasks are widely used in sleep research, most frequently 
reported to increase number and/or duration of spindles, or spindle power, with stria-
tal involvement developing over time [70, 169, 187, 188]. The combination with 
imaging methods is also particularly advanced for motor-related paradigms [189]. 
Correlative analyses have shown for discrete spindles that their amplitude can pre-
dict overnight gains in performance on an explicitly learned motor sequence task. 
Correlations were additionally found between BOLD activity in motor-related brain 
regions and spindle amplitude [190]. A MEG study revealed enhancement of both 
fast spindles and delta MEG activity during SWS of the first sleep cycle as compared 
to pre-training sleep. The most prominent region of interest displaying modifications 
in sigma and delta MEG power was the supplementary motor area (SMA), as 
detected via source localization [191]. The serial reaction time task can be employed 
to contrast implicit and explicit learning and the effect of sleep on gaining explicit 
sequence knowledge [124]. Subjects who had or had not acquired explicit sequence 
knowledge prior to sleep differed in their level of EEG slow spindle power during 
SWS [192]. Resting state fMRI during wakefulness, immediately after acquisition 
of an explicitly or implicitly learned serial reaction time task, revealed a differential 
involvement of brain regions including the frontal cortex [193].

In a motor adaptation task, a local increment in slow-wave activity over parietal 
regions and a less robust increase in spindle power as compared to a non-learning 
control were reported, with a positive correlation between SWA increase and per-
formance improvement [61, 109]. Increased SWA over the frontal cortex, up to 
60 min post-training without any change in spindle frequency band, was observed 
in rats following a task known to elicit long-term potentiation [194].

 Conclusion

Taken together, the picture that the sleep-dependent consolidation of declarative vs. 
non-declarative memory contents represents a dichotomy and is simply attributed to 
disparate brain structures and mechanisms has greatly diminished. At the same 
time, the picture is quickly developing that fine-tuning among neuronal oscillations 
within and between different structures represents the essence of communication 
within the brain. The latter has been longer discussed regarding working memory 
function [195], but less in respect to cognitive processing during sleep [196–198]. 
Oscillatory field potential activity incorporates both general global and network- 
specific local components. Local aspects are defined not only topographically, but 
also by coherence strength among networks, by the sleep stages and times of the 
sleep period at which these oscillatory events mainly arise, as well as through slight 
variations in oscillatory frequency [196, 199]. In the conceptual Fig. 7.5 neuronal 
oscillations of memory and cognition are imbedded in the biological system.  
It reflects the basic principles of experience impacting postexperience neuronal 
activity. The latter is strongly dependent upon salience and emotional valence of the 
presleep experience, affecting strength of encoding or innervation of the relevant 
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brain regions and networks. During sleep basic state-dependent neuronal  oscillations 
and experience-dependent neuronal reactivation (super firing or subthreshold mod-
ulation) interact. Tonic and phasic neuromodulatory activity as well as other non-
neuronal central-nervous or peripheral inputs signaling immunologic, metabolic, 
and epigenetic events or processes [62, 200, 201] can further modify the fine- tuning 
of inter- and intraregional neuro-oscillatory interactions of the brain. On the other 
hand, neuro(glial)-oscillatory networks can feedback on other systems ranging from 
the molecular level, e.g., through fluctuations in intracellular ionic concentrations, 
to global system-wide effects, e.g., via interactions with circadian clock mechanisms.

Brain: time and experience-
dependent modulations

(molecular, cellular, structural)

Material: salience and valence
(e.g., explicit/implicit learning

mode; cognitive demand)

SWA/
SO Theta,

REMS,
P/PGO

In-phase
spindles
and HFO

SWA/
SO
In-phase
spindles
and HFO

Theta,
REMS,
P/PGO

Gender, age
constitution

Neuromodulatory tone with phasic componmentsNeuromodulatory tone with phasic componments

Fig. 7.5 Speculative conceptual framework for neuronal oscillations of memory and cognition 
within the biological system. The dynamically changing neuronal oscillations and electrophysio-
logical events occurring across the sleep period (SO/SWA, spindles, HFO, theta, REMS, P/PGOs) 
result mainly from state-dependent neuronal oscillations and experience-dependent neuronal reac-
tivation. Features affecting postexperience modifications are indicated at the top. Neuronal oscilla-
tory activity affects not only ongoing membrane polarization levels, but can induce structural 
changes (e.g., at dendritic spines and interregional connectivity) in the brain, as indicated at the 
bottom. The long thin gray arrow on the right indicates that the latter serve to update the biological 
system for newly incoming information. The expression of neuronal oscillations is also dependent 
upon trait-like, persistent state and developmental features indicated by gender, age and constitu-
tion (see text for more details). SO/SWA sleep slow oscillation/slow wave activity, REMS rapid eye 
movements of REM sleep, P/PGO P-waves/ponto-geniculate-occipital waves, HFO high- 
frequency oscillations (>30 Hz)
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