
The Role of Sleep Spindles
in Sleep-Dependent Memory
Consolidation

Elizabeth A. McDevitt, Giri P. Krishnan,
Maxim Bazhenov and Sara C. Mednick

Abstract A well-established literature supports a critical role of sleep for learning
and memory (Abel et al. in Curr Biol 23(17);R774–R788, 2013; Diekelmann and
Born in Nat Rev Neurosci 11(2):114–126, 2010; Rasch and Born in Physiol Rev 93
(2):681–766, 2013; Tononi and Cirelli in Sleep Med Rev 10(1):49–62, 2014).
Studies have demonstrated memory improvements following a period of sleep
compared to an equivalent time awake, and specific sleep features have been shown
to correlate with improvements in discrete memory domains. For example, over-
night procedural motor learning correlates with the amount of stage 2 sleep (Walker
et al. in Neuron 35(1):205–211, 2002; Learn Mem 10(4):275–284, 2003),
non-hippocampal dependent perceptual learning correlates with the product of the
amount of slow wave sleep (SWS) and rapid eye movement (REM) sleep (Mednick
et al. in Nat Neurosci 6(7):697–698, 2003; Stickgold et al. in J Cogn Neurosci 12
(2):246–254, 2000), and implicit priming also appears to depend on REM sleep
(Cai et al. in Proc Natl Acad Sci U S A 106(25);10130–10134, 2009). One feature
of sleep that is widely implicated in memory processing is the sleep spindle, short
(0.5–3 s) bursts of oscillatory activity in the frequency range of approximately
12–15 Hz (Spindles have also been defined as slow as 8–12 Hz, with some
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indication that these slow spindles may be physiologically distinct from alpha
frequency, which oscillates in the same frequency range (8–12 Hz) but has a
different spatial distribution (Manshanden et al. in Clin Neurophysiol 113
(12):1937–1947, 2002). However, more data is required to determine the distinc-
tiveness of these two signals. For the purpose of this chapter, we will primarily
discuss spindles defined as *12–15 Hz.). This chapter aims to (1) summarize
correlational and causal evidence supporting the role of sleep spindles in memory
processing; and (2) describe spindle dynamics and how they may be related to
proposed mechanisms of sleep-dependent consolidation.

Keywords Sleep spindles � Slow oscillations � Declarative memory � Procedural
memory � Systems consolidation � Phase amplitude coupling

An Introduction to Sleep Effects on Memory Consolidation

Sleep can be separated into four stages characterized by stereotypic electrical
activity. The four stages progress in structured cycles from light Stages 1 and 2
through deep SWS (formerly Stages 3 and 4) and into REM sleep. Together, Stages
1, 2 and SWS are often referred to as non-REM (NREM) sleep. Stage 1 is briefly
observed at sleep onset, and can be identified by the presence of slow rolling eye
movements and a disappearance of alpha (8–12 Hz) activity over occipital regions.
Stage 2 sleep is more synchronized than Stage 1 and is characterized by sigma
activity (12–15 Hz, i.e., spindles) and occasional, high-amplitude K-complex sig-
nals. SWS is named for the high amplitude, slow wave activity [slow oscillations
(0.5–1 Hz) and delta (1–4 Hz)] that predominates. REM sleep is characterized by
fast, low-amplitude EEG similar to waking, as well as increased heart rate, increased
cortical blood flow, muscle paralysis and its eponymous rapid eye movements.

Sleep spindles are an electrophysiological hallmark of NREM sleep (Fig. 1). In
addition to duration and frequency criteria, spindles are defined as phasic events
distinct from general background 12–15 Hz sigma activity with a distinct waxing
and waning morphology (Astori et al. 2013; Gennaro and Ferrara 2003; Weiner and
Dang-Vu 2016). Present in both Stage 2 and SWS, spindles occur along side several
other features of NREM sleep such as vertex sharp waves, K-complexes, slow
oscillations, or superimposed on delta oscillations during SWS. Additionally, two
kinds of spindles can be differentiated by distinct spatio-temporal dynamics. “Slow”
spindles (<12 Hz, with a spectral peak *10.2 Hz) predominate over frontal sites
and are more pronounced during SWS than Stage 2 sleep, whereas “fast” spindles
(>12 Hz, with a peak spectral frequency *13.4 Hz) are more densely distributed
over parietal and central sites (Mölle et al. 2011). However the functional difference
between these spindle types is unclear (Andrillon et al. 2011; Timofeev and
Bazhenov 2005).

The need to understand the mechanisms and properties of sleep spindles is
driven by their role in memory and learning. An open question in memory research
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asks how the human brain learns new information without overwriting previously
stored memories, the so-called “stability-plasticity” problem. For declarative
memory (i.e., conscious or explicit recall of episodic and semantic memories),
theoretical models propose two separate memory stores that interact in a process of
systems consolidation—a fast-learning, temporary store and a slow-learning,
long-term store. The hippocampus and neocortex are the hypothesized neural
structures associated with the temporary and long-term stores, respectively. New
information is originally encoded concurrently in both stores. During subsequent
periods of consolidation, successive reactivation, or “replay”, of this network is
presumed to allow new memories to become strengthened and integrated with
pre-existing memories in the long-term store, as well as becoming less reliant on the
fast-learning store. Off-line periods when no encoding is happening, such as sleep,
are thought to be ideal times for replay to occur since no new, incoming information
will interfere with consolidation (Mednick et al. 2011).

Neural replay has been observed in studies of rodent spatial memory,1 where
place cells that are activated in sequence together during spatial learning tend to fire

Fig. 1 The coordination of sleep spindles and slow oscillations during sleep. Neocortical slow
oscillations (<1 Hz) are characterized by up and down states that reflect periods of neuronal
spiking and neuronal silence, respectively. Sleep spindles are phasic events with a distinct waxing
and waning morphology. Spindles are sometimes classified as “slow” (<12 Hz) or “fast” (>12 Hz)
depending on their peak frequency. During sleep, spindles often occur during the down-to-up
transition of the slow oscillation, with the peak amplitude of the spindle aligned with the slow
oscillation up-state (represented by the dashed vertical line). This pattern of coupling may be
specific to fast spindles, with slow spindles more likely to follow fast spindles and occur during the
slow oscillation down-state

1Although best demonstrated in the hippocampus, it is possible that neural replay also occurs at the
level of cortex, independent of the hippocampus (e.g., both temporary and long-term stores are
within cortex). However, for the purpose of this review we will detail neuronal and behavioral
evidence of replay involving the hippocampus, although it is likely that replay is a general
mechanism of systems consolidation across memory systems and not specific to
hippocampal-dependent memories.
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in a similar sequence, and at a faster, time-compressed rate, during subsequent SWS
(Lee and Wilson 2002; Wilson and McNaughton 1994). Replay-like activity has
also been observed during periods of immobility, or quiet wakefulness (Foster and
Wilson 2006), and REM sleep (Louie and Wilson 2001), but the replay dynamics
are different than those observed during SWS. Specifically, studies have shown:
(1) hippocampal replay during SWS in rats is coordinated with firing patterns in the
visual cortex (Ji and Wilson 2007); (2) the hippocampus and cortex appear to
communicate during sleep by means of hippocampal sharp waves and ripples
(Buzsáki 1989), during which place cells are reactivated (Diba and Buzsáki 2007);
and (3) these events are temporally correlated with spindles in the medial prefrontal
cortex during SWS (Siapas and Wilson 1998).

The temporal coupling of thalamic sleep spindles and hippocampal ripples along
with neocortical slow oscillations (<1 Hz) is proposed to be a key mechanism
underlying the hippocampal-neocortical dialogue characteristic of systems consol-
idation. Generation of spindles in the thalamus and sharp wave-ripples in hip-
pocampus is suppressed during the hyperpolarizing down-state of the slow
oscillation, followed by a rebound in spindle and sharp wave-ripple activity during
the succeeding depolarizing up-state. Thus, slow oscillations are thought to provide
a top-down temporal frame for these oscillatory events, though it is not clear
whether this thalamo-hippocampal-cortical circuit is driven by the thalamus, cortex,
or a combination of both brain areas (Crunelli and Hughes 2010; Lemieux et al.
2014). Regarding the coupling of spindles and ripples, it has been demonstrated that
individual ripple events are nested in the trough of succeeding spindles (Staresina
et al. 2015; Timofeev and Bazhenov 2005) (see also chapters by Bergmann and
Staresina and by Maier and Kempter). These “spindle-ripple” events might repre-
sent a bottom-up mechanism where reactivated hippocampal memory information
(coded in ripples) is passed to spindles, which then reach neocortical networks via
the slow oscillation. Thus, spindles appear to be one critical component of a
complex interaction between several electrophysiological events that together
provide a mechanistic explanation for memory reactivation during sleep. Given that
spindles are easily detected and measured using scalp electroencephalogram (EEG),
they provide a convenient and non-invasive method to examine one of the neural
correlates of consolidation in humans.

Sleep Spindles and Human Memory: Correlational
Evidence

Although a plethora of studies in the past two decades have indicated that sleep
spindles play a functional role in memory processing during sleep, it has also
become apparent that the relationship between spindles and memory is quite
complex and may be moderated by any number of factors including memory
domain, task difficulty, initial skill level of the individual, sleep stage (Stage 2 vs.
SWS), spindle frequency (fast vs. slow), scalp derivation (frontal vs.
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centro-parietal), and other spindle characteristics (number, density, amplitude,
duration, power). In the following section we discuss the neuronal correlates of
sleep spindles and examine correlational evidence for the role of spindles in
memory consolidation.

Neuronal Mechanisms of Sleep Spindles

The presence of spindle oscillations after decortication provides strong evidence for
the thalamic origin of this activity (Contreras et al. 1996; Morison and Bassett
1945; Timofeev and Steriade 1996). Studies suggest that the minimal substrate
contributing to the generation of spindle oscillations is generated in the thalamus as
a result of the interaction between thalamic reticular (RE) and relay (TC) cells
(Steriade et al. 1985, 1990; Steriade and Deschenes 1984; Steriade and Llinas 1988;
von Krosigk et al. 1993). According to this hypothesis, RE inhibitory neurons fire a
spike burst that elicits an inhibitory post-synaptic potential (IPSP) in TC neurons.
At the end of this IPSP, the TC neurons generate rebound spike-bursts that in turn
excite RE neurons, which then generate spike-bursts, starting the next cycle of
spindle oscillations. However, this minimal model may not describe all the
mechanisms involved in spindle generation because (a) spindles can be generated in
isolated RE nucleus (Steriade et al. 1987); and (b) during the early 3–4 IPSPs
composing the spindle, many TC neurons do not display rebound spike-bursts
(Bazhenov et al. 2000), suggesting that the reciprocal TC-RE connections are not
contributing to the early phase of a spindle sequence. The simplest computational
model sufficient to generate the spindle oscillations includes two reciprocally
coupled RE neurons and two TC cells providing excitation to and receiving inhi-
bition from RE neurons (Destexhe et al. 1996). Persistence of spindle-like activity
in the isolated RE nuclei suggests a mechanism for spindle initiation, with activity
of RE cells initiating a new sequence of spindle oscillations (Bazhenov et al. 2000).

Termination of spindles depends both on intrinsic and network mechanisms. The
first includes Ca2+ accumulation leading to cyclic adenosine monophosphate
(cAMP) upregulation of hyperpolarization-activated non-specific cation current
(Ih) and, following TC neurons depolarization, making rebound spike-bursts
impossible (Bal and McCormick 1996; Budde et al. 1997; Luthi et al. 1998). The
second includes the desynchronizing effect of cortico-thalamic projections
(Andersen and Andersson 1968; Bonjean et al. 2011; Timofeev 2001), based on
dissimilarity of intrinsic responses in different cortical and TC neurons. An
extensive review of the intrinsic and synaptic mechanisms of spindle oscillations
can be found in Timofeev and Bazhenov (2005). These thalamic mechanisms of
spindle generation correspond to fast spindles, while the mechanisms of slow
spindle generation remain to be investigated. Slow spindles could originate from the
neocortex. At least, upon stimulation, isolated neocortical slabs are able to generate
oscillations with frequencies around 10 Hz (Timofeev et al. 2002), i.e. the fre-
quency range of slow spindles.
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Learning Modulates Spindle Activity
During Subsequent Sleep

Early studies reporting an association between sleep spindles and memory in
humans found that spindle activity during non-REM sleep is sensitive to previous
learning experience (Gais et al. 2002; Meier-Koll et al. 1999). Gais et al. (2002)
showed that compared with a non-learning task, memorizing unrelated word pairs
(learning task) increased spindle density during Stage 2 and spindle density also
correlated with recall performance, both before and after sleep, but the overnight
effect was not assessed. A separate study found that encoding difficulty moderated
the relationship between learning and spindles, such that difficult encoding (more
abstract word pairs) resulted in a significant increase in the slow spindle frequency
range (11.25–13.75 Hz) during Stage 2 sleep, whereas easy encoding (more con-
crete word pairs) did not alter sleep spindle activity compared to a control condition
(Schmidt et al. 2006).

Similar learning-dependent increases in spindle activity have also been observed
for motor memory. Fogel and Smith (2006) tested four procedural tasks before and
after sleep and found that spindle densities were increased following learning and
that the change in performance on the four learning tasks accounted for 98% of the
variability in the change in spindle density. A second study expanded these results
and showed that following learning a Pursuit Rotor task (but not a mirror tracing
task), Stage 2 and SWS spindle densities as well as Stage 2 spindle duration were
increased compared to a baseline night (Fogel et al. 2007). In both of these studies,
the tasks were re-tested one week after learning and thus the immediate overnight
gains in performance could not be examined. Additionally, studies have shown that
the degree to which spindles correlate with motor learning may be moderated by
task complexity (Fogel et al. 2007; Smith et al. 2004) and skill level of the
experimental subject (Schmidt et al. 2006).

Correlations Between Sleep Spindles
and Memory Improvement

Declarative Memory

A large number of studies have established that declarative memory shows less
forgetting after a sleep period compared with wake, and that performance benefits
are correlated with spindles (Clemens et al. 2005; Cox et al. 2012; Genzel et al.
2009; Schabus et al. 2004) (see also chapter by Schönauer and Gais). More recent
studies have also found that spindles correlate with overnight integration of new
memories with existing knowledge (Tamminen et al. 2010, 2013). Some variation
has been reported in frequency of spindles that correlate with improvement. For
example, Holz et al. (2012) reported that overnight retention of a word-list task was
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correlated with sigma activity, a result exclusively driven by a correlation with slow
sigma activity (12–14 Hz) whereas there was no significant correlation observed
with fast sigma activity (14–16 Hz). However, many others have found the
opposite, with memory performance correlating with fast spindle activity but not
slow spindle activity (e.g., Saletin et al. 2011; van der Helm et al. 2011) or even no
association in spite of large sample sizes (Ackermann et al. 2015, Sleep). More
research is needed to understand the extent to which these divisions distinguish
different types of spindles either functionally or topographically.

Additionally, although sleep is a global phenomenon in many respects, sleep
spindles may exert their beneficial influence for declarative memory consolidation in
a regionally specialized manner. Saletin et al. (2011) tested a directed forgetting task
in a nap paradigm and found that subjects who napped recalled significantly more
words that were cued to-be-remembered than subjects who spent an equivalent
amount of time awake. There was no such sleep-related enhancement for words cued
to-be-forgotten. This selective enhancement of to-be-remembered words was cor-
related with fast sleep spindle (13.5–15 Hz) density during NREM sleep.
Specifically, spindles over the posterior parietal regions were positively correlated
with the proportion of to-be-remembered words recalled, yet negatively correlated
with words cued for forgetting at frontal locations. These results argue against models
suggesting that sleep uniformly decreases forgetting or enhances learning (Tononi
and Cirelli 2006), and suggest that spindles can benefit memory consolidation in a
specific and selective manner (see also chapter by Rauss and Born).

Procedural Skills

Several studies have demonstrated correlations between motor learning and sleep
spindles. Nishida and Walker (Nishida and Walker 2007) capitalized on the known
lateralized, offline plastic changes observed across a night of sleep using a
motor-sequence task. They found that when subjects trained with their left hand and
then took a nap, motor-skill memory improvements were correlated with the dif-
ference in spindle activity between the “learning” (contralateral, right hemisphere)
and “nonlearning” hemisphere. This lateralization difference score was suggested to
represent the homeostatic difference in spindle activity following learning, thereby
providing evidence of regionally specific spindle associations with offline motor-
skill learning in central locations. In another study, subjects were either trained on a
motor-sequence task or a control task followed by a night of sleep (Morin et al.
2008). Subjects in the motor task condition showed increased number and duration
of spindles during NREM sleep, and higher EEG power in the sigma (13 Hz) and
beta (18–20 Hz) frequency bands, than the control task condition. However, none
of these physiological changes during post-training sleep were correlated with
overnight gains. A follow-up study found that specifically fast (13–15 Hz) but not
slow (11–13 Hz) spindle densities were increased following motor learning com-
pared to control (Barakat et al. 2011). Additionally, the difference in fast spindle
density between the control and experimental nights was correlated with overnight
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performance gain on the motor but not control task, suggesting that fast spindles,
which are most prominent over central and parietal derivations, are implicated in
motor sequence learning and consolidation.

Experimentally Manipulating Spindles

It is possible that more spindles cause better memory consolidation, or that deeper
encoding of information prior to sleep increases subsequent spindle activity (Fogel
and Smith 2006; Gais et al. 2002), or even that individuals with better memory
ability naturally have more spindles (Fogel and Smith 2011). For example, Tamaki
et al. (2009) used a mirror-tracing task and found (1) mean amplitude and duration
of fast spindles was greater on the learning night than nonlearning night; and (2) fast
spindle density, amplitude, and duration were all positively correlated with over-
night improvement on the learning night. However, upon closer inspection, fast
spindle activity on the nonlearning night was also correlated with motor perfor-
mance, indicating that individuals who had greater spindle activity always had
better performance, and this effect was not specific to the learning night. Therefore,
differences in fast spindle activity may be related to native motor learning ability. In
the declarative domain, Lustenberger et al. (2015) highlighted how spindle activity
is oftentimes positively associated with baseline encoding performance (indicating
better learning abilities in individuals who have more spindle activity), and subjects
with good encoding performance may have the least amount of overnight
improvement, resulting in negative spindle associations with overnight perfor-
mance. To better understand the role of spindles in memory consolidation, it is
necessary to move beyond correlations between sleep features and memory
improvement and discover critical mechanisms of memory consolidation by per-
turbing sleep and testing the effects on memory performance.

Important advances have been made by utilizing experimental methods that
manipulate sleep features in order to test their effects on memory, such as tran-
scranial stimulation to enhance (Marshall et al. 2006) or inhibit (Marshall et al.
2011) slow wave activity (see also chapter by Campos Beltran and Marshall), and
pharmacology. Using pharmacological intervention, Mednick et al. (2013)
increased sleep spindles with zolpidem (Ambien), and decreased sleep spindles
with sodium oxybate (Xyrem) during a nap (Fig. 2). Declarative and motor memory
performance was tested before and after the pharmacologically altered nap using a
word paired-associates task and motor sequence task, respectively. They showed
that pharmacologically enhancing sleep spindles with zolpidem in healthy adults
produced exceptional declarative memory performance beyond that seen with sleep
alone (placebo) or sleep with the comparison drug (SO), which showed decreased
memory performance. Spindles were correlated with declarative memory
improvement in all three conditions, suggesting that spindles are a neural correlate
of verbal memory consolidation, and when enhanced produce a systematic increase
in verbal memory retention.
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Contrary to predictions, motor learning was not altered by the drug intervention
and motor performance was not correlated with spindles in the zolpidem condition.
A similar null result in motor learning was found by enhancing slow wave activity
and spindles via transcranial application of slow oscillations (0.75 Hz) (Marshall
et al. 2006). These results indicate that spindles may not be directly related to motor
learning and suggest that there might be a third variable related to sleep-dependent
motor improvement heretofore unexamined. Alternatively, spindles may be more
related to recovery from motor fatigue than learning per se, as suggested by results
showing no sleep-dependent effects on motor learning when controlling for fatigue
and time of day (Rickard et al. 2008). Taken together, these results point toward a

Fig. 2 Pharmacologically enhanced spindles boost verbal learning but not motor learning. Verbal
memory was increased with zolpidem (a), and there were no differences in motor learning across
drug conditions (b). c, d Memory performance improvement plotted against spindle density for
naps with different drug conditions—zolpidem (red circle), placebo (green circle), and sodium
oxybate (blue circle). Zolpidem enhanced sleep spindle density, and spindle density was related to
verbal memory performance (c), but not motor learning (d). Statistical comparisons were between
drugs conditions and placebo. ** indicates p-value < .005. Data are from Mednick et al. (2013)
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tighter coupling between sleep spindles and declarative verbal memory than motor
learning. This difference may be attributable to the stronger dependence on hip-
pocampal processing in the verbal task due to the associative nature of the task
(Henke et al. 1999). In the case of hippocampal-dependent processing, spindles
may be causally related to memory improvement by their direct role in hippocampal
replay, whereas in non-hippocampal-dependent tasks, spindles may be a marker of
a yet undefined process that correlates with consolidation.

In contrast with the Mednick et al. (2013) findings, Rasch et al. (2009) showed
that administration of selective re-uptake inhibitors of serotonin (SSRI) and nore-
pinephrine (SNRI) both decreased the amount of time spent in REM sleep, while
the SNRI significantly increased amount of time spent in Stage 2 sleep, as well as
the number and density of fast spindles (>13 Hz). Performance on a motor-
sequence task was improved in both drug conditions compared to placebo, and
overnight gains in performance were significantly correlated with the change in
number and density of spindles between drug and placebo nights. Subjects were
also tested on a declarative paired-associates task. Given the spindle enhancement
with SNRI, one would predict improvement of declarative memory with SNRI.
However, surprisingly they found no difference in number of words recalled in
either SSRI or SNRI condition compared to placebo.

Using the same pharmacological intervention as Mednick et al. (2013), Kaestner
et al. (2013) examined the role of sleep spindles in emotional memory consolidation
(see also chapter by Cunningham and Payne). In this study, subjects encoded a full
range of emotional pictures (negative, positive and neutral valence, as well as high
and low arousal) before a nap with zolpidem or placebo. The authors reported that
memory can be experimentally biased toward negative and highly arousing stimuli
after a sleep period with pharmacologically elevated sleep spindles. Specifically,
naps with zolpidem demonstrated increased sleep spindles and greater memory
performance for negative and high-arousal stimuli compared with placebo or
sodium oxybate. Both hypnotics elevated SWS, but only zolpidem increased
spindle density, whereas sodium oxybate decreased spindle density. Thus, the
increase in memory performance relative to placebo was more likely due to the
increased spindle density rather than SWS. Importantly, total sleep time and all
other measures of sleep were consistent across each drug manipulation suggesting
that changes in memory performance were likely due to the drug manipulation of
sleep spindle density.

Interaction Between Spindle and Slow Oscillations

Although spindles are often treated as discrete events, they do not occur in isolation
from other oscillatory events. Current advancements in the field have begun to tease
apart the complex relationship between spindles and other brain activity patterns,
namely neocortical slow oscillations. Slow oscillations (<1 Hz) are characterized by
up and down states that reflect active and silent periods of spiking in individual
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neurons (Steriade et al. 1993). During Stage 2 and SWS, spindles are often tem-
porally coupled with slow oscillations. The spindle amplitude is observed to be
highest during the up-state and lowest during the down-state of the slow oscillations
(Contreras and Steriade 1995; Molle et al. 2002). Specifically, the peak of spindle
amplitude often occurs during the beginning of the slow oscillation (i.e., the
down-to-up-state transition) (see Fig. 1). These findings have been observed using
scalp EEG (Molle et al. 2002) and intracellular recordings (Andrillon et al. 2011),
and further supported by computational models (Bazhenov et al. 2002).

Co-occurring slow oscillations and spindles may be a key mechanism of
memory consolidation during sleep (Mölle et al. 2011). In humans, spindle power
during the up-state of the slow oscillations was increased following learning in a
hippocampal-dependent task (Mölle et al. 2009). Ngo et al. (2013) used closed-loop
stimulation to induce slow oscillations and observed an increase in spindles during
the early phase of the slow oscillations, which was correlated with an increase in the
memory retention task. Using the same pharmacological intervention as Mednick
et al. (2013), who demonstrated increased spindle density using zolpidem, Niknazar
et al. (2015) examined the relationship between the phase of the slow oscillation at
which spindles occurred and memory performance (Fig. 3). In addition to boosting
the rate of spindle events, zolpidem also increased the temporal consistency of
when spindles occurred relative to the phase of slow oscillations, as measured by
the modulation index between slow oscillation phase and spindle power (Fig. 3a,
b). Phase-amplitude coupling between different neural oscillations has been
observed in wake (Canolty et al. 2006; Lakatos et al. 2005), and this study provides
evidence that such coupling is also observed with spontaneously occurring oscil-
lations during sleep. Further, performance on the verbal memory task was signif-
icantly correlated with the phase of the slow oscillation at which the spindle peak
was observed in the zolpidem and placebo conditions, but not in sodium oxybate
(Fig. 3c–e). This suggests that memory improvement was increased when spindles
occurred during the rising phase of the slow oscillation. Interestingly, when slow
oscillation power, sigma power and phase/amplitude timing were allowed to
compete for variance in performance change using a regression framework,
phase/amplitude timing accounted for the most variance, followed by sigma, and
slow oscillatory power was not a significant predictor. Overall, these studies
strongly suggest that for hippocampal-dependent memory tasks, there is a preferred
phase for spindle timing during the slow oscillation up-state to increase memory
consolidation.

The exact neural mechanism underlying the coupling between spindles and slow
oscillations (and hippocampal sharp-wave ripples), and how it enhances memory
consolidation, is not known. Sleep spindles result in massive increases in intra-
cellular Ca2+ (Sejnowski and Destexhe 2000), which is required to induce
long-term potentiation, and a coincidence of thalamic spindles with other sleep
EEG events, such as hippocampal sharp waves (Battaglia et al. 2004), at the
down-to-up transition phase of cortical slow oscillations may be necessary to form
permanent memories. One hypothesis suggests that hippocampal ripples could
initiate the thalamic inputs (Vertes et al. 2007), and hippocampus to cortical
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projections (Jay and Witter 1991) could selectively modulate the spindle activity
through spindle-ripple coupling during the initiation of up-state. Such events could
lead to the replay and therefore enhancement of selective memory during the
up-states. Indeed, recent intracranial recordings in humans have demonstrated a
tight coupling between thalamic spindles, hippocampal sharp wave ripples and
cortical slow oscillations (Staresina et al. 2015).

An up-state of the slow oscillation is also a time period of high synchrony within
the cortical network, marked by the high amplitude activity observed in the EEG.
This synchronization may facilitate synaptic weight changes due to spike-timing-
dependent plasticity (STDP). Any input, such as hippocampal ripples, that occurs
during the later phase of the down-state of the slow oscillation, would influence the
timing of the cortical cell firing during the following up-state. Indeed, a recent
computational study suggests that the spatiotemporal pattern of the slow oscillation
determines synaptic changes during slow wave sleep (Wei et al. 2016).
Furthermore, it found that spindles preceding the slow oscillation (as occurs during

Fig. 3 Phase amplitude coupling between slow oscillations and spindles influences memory
improvement during sleep. a Normalized modulation index measured for SO phase and spindle
power was significantly increased with zolpidem compared to placebo and sodium oxybate.
b Memory performance improvement plotted against normalized modulation index for naps with
different drug conditions—zolpidem (black circle), placebo (dark grey circle), and sodium oxybate
(light grey circle). c–e The SO phase at spindle peak (i.e., phase/amplitude timing) was correlated
with memory improvement in both zolpidem and placebo conditions, suggesting a general
mechanism of memory formation. The negative correlation indicates better memory performance
was associated with negative SO phase, i.e., spindle peak occurring during the SO up-state. *
indicates p-value < .05; ** indicates p-value < .005. Data are from Niknazar et al. (2015)
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the natural cycle of sleep state transitions) might influence the spatio-temporal
pattern of slow oscillations and facilitate replay of selected memories.
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Glossary

Declarative memory: Conscious memory of facts and events. This type of
memory is dependent on the hippocampus and other
areas of the medial temporal lobe.

Non-declarative
memory:

Unconscious memories such as habits or skills. This
type of memory is typically not dependent on the
hippocampus.

Rapid eye movement
(REM) sleep:

A sleep stage characterized by rapid eye movements,
low muscle tone, and rapid, low-voltage electroen-
cephalogram (EEG) waveforms.

Slow wave sleep
(SWS):

Also referred to as deep sleep; previously Stage 3 and
Stage 4. Slow, high amplitude delta activity (1–4 Hz)
predominates the EEG during SWS.

Slow oscillations: Waveforms <1 Hz frequency with high voltage up
and down states, which reflect periods of neuronal
spiking and neuronal silence, respectively.

Spindles: Bursts of oscillatory activity visible on an EEG that
typically occur during NREM sleep. Spindles typi-
cally consist of 12–15 Hz waveforms that occur for at
least 0.5 s. Spindle density refers to the number of
spindles per minute of sleep.

Sharp-wave ripple
complexes:

Composed of fast (*50–100 ms) bursts of spike
activity (sharp waves) that are associated with
high-frequency “ripples” (*150–200 Hz). These
events are generated in the hippocampus.

Systems consolidation: The process that refers to the time-limited role of the
hippocampus in declarative memory storage.
Information is originally encoded in both hippocam-
pal and cortical regions. Successive reactivation of
this hippocampal-cortical network is presumed to
allow new memories to be gradually integrated with
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pre-existing memories and become independent of the
hippocampus.

Spike-timing-dependent
plasticity:

This refers to the process of change in synaptic
weights, as a function of spike timing in pre- and
post-synaptic neurons—there is an increase in
synaptic weight when the pre-synaptic neuron fires
prior to the post-synaptic neuron and a decrease in
synaptic weight when the post-synaptic neuron fires
prior to the pre-synaptic neuron.

Phase amplitude
coupling:

This refers to modulation of the amplitude of one
oscillation by the phase of another oscillation, and
provides information about the temporal relationship
between oscillations. For example, such coupling is
observed between the peak amplitude of spindle fre-
quency and slow oscillation phase.

Modulation index: This index is one way to estimate the consistency of
phase-amplitude coupling across various trials or
events.
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