1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Annu Rev Clin Psychol. Author manuscript; available in PMC 2020 June 22.

-, HHS Public Access
«

Published in final edited form as:
Annu Rev Clin Psychol. 2019 May 07; 15: 451-479. doi:10.1146/annurev-clinpsy-050718-095754.

Abnormal Sleep Spindles, Memory Consolidation, and
Schizophrenia

Dara S. Manoach!:2, Robert Stickgold3
1Department of Psychiatry, Massachusetts General Hospital and Harvard Medical School,
Boston, Massachusetts 02214, USA

2Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital and
Harvard Medical School, Charlestown, Massachusetts 02129, USA

3Department of Psychiatry, Beth Israel Deaconess Medical Center and Harvard Medical School,
Boston, Massachusetts 02215, USA

Abstract

There is overwhelming evidence that sleep is crucial for memory consolidation. Patients with
schizophrenia and their unaffected relatives have a specific deficit in sleep spindles, a defining
oscillation of non-rapid eye movement (NREM) Stage 2 sleep that, in coordination with other
NREM oscillations, mediate memory consolidation. In schizophrenia, the spindle deficit correlates
with impaired sleep-dependent memory consolidation, positive symptoms, and abnormal
thalamocortical connectivity. These relations point to dysfunction of the thalamic reticular nucleus
(TRN), which generates spindles, gates the relay of sensory information to the cortex, and
modulates thalamocortical communication. Genetic studies are beginning to provide clues to
possible neurodevelopmental origins of TRN-mediated thalamocortical circuit dysfunction and to
identify novel targets for treating the related memory deficits and symptoms. By forging empirical
links in causal chains from risk genes to thalamocortical circuit dysfunction, spindle deficits,
memory impairment, symptoms, and diagnosis, future research can advance our mechanistic
understanding, treatment and prevention of schizophrenia.
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1. Paradigm shift: Not all our learning happens while we are awake

Human beings spend about a third of their lives sleeping, yet the functions of sleep are still
not clear. Over the last 20 years there has been a virtual explosion in research on the role of
sleep in memory (Figure 1). This has produced a wealth of molecular, cellular, neural
network, brain activation, and behavioral evidence from birds, rodents, cats, and humans of
an evolutionarily conserved function for sleep in the consolidation of multiple forms of
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memory. This body of work demonstrates that to understand memory one must also
understand sleep. It has also revealed the breadth of offline memory processing and its
importance to cognition. These realizations have led to a paradigm shift: Far from being
simply a passive restorative state, sleep is an active period of cognitive functioning that plays
an essential role in memory.

Following active encoding, memory consolidation proceeds offline, during both wake and
sleep, without requiring conscious intent, effort, or awareness (Stickgold & Walker 2007).
The term memory consolidation was originally introduced to explain how labile memories
are thought to stabilize and become resistant to interference over time. Early studies of the
effects of electroconvulsive therapy on recently formed memories fixed the time required for
consolidation at one to four hours (Duncan 1949). We now know that there are also slower
processes that take “weeks, months or even years” (p 55, Dudai 2004), and that the sleeping
brain not only stabilizes recently learned materials but also contributes to their enhancement
and integration into existing semantic networks, selectively maintains their emotional
elements, extracts rules, and enhances the gist at the expense of details, all of which usually
results in a more useful memory (Stickgold & Walker 2013). Recognition of these slower
processes that work in concert over time and particularly during sleep has led to the proposal
that the term “memory consolidation” be replaced with the more expansive “memory
evolution,” which better captures the complexity and scope of the processes involved
(Walker & Stickgold 2010). The goal of this review is to consider the relevance of both sleep
physiology and these sleep-dependent processes to understanding the pathophysiology,
symptoms, and cognitive deficits of schizophrenia.

2. Cognitive deficits are the most persistent, disabling, and treatment-
refractory feature of schizophrenia

Schizophrenia is a neurodevelopmental disorder in which genetic and environmental risk
factors interact and lead to the emergence of symptoms, usually in late adolescence or early
adulthood. It is defined by positive symptoms such as hallucinations and delusions and
negative symptoms such as amotivation, social withdrawal, and apathy. Schizophrenia is also
characterized by a wide range of cognitive deficits. One criterion for identifying the core
cognitive deficits—those that hold the most promise for illuminating pathophysiology—is
that they are also present in healthy relatives. This would indicate that they are markers of
genetic vulnerability to schizophrenia rather than epiphenomena of psychosis. Meta-analytic
studies of first-degree relatives show the largest effect sizes for impairments on tasks with
high executive function demands, such as task set-switching, inhibition of prepotent
responses, and working memory (Snitz et al. 2006). In schizophrenia, these deficits often
predate the onset of symptoms and persist throughout its course, even after the florid
psychotic symptoms have been effectively controlled with antipsychotic drugs (APDs). This
persistence in patients and presence in unaffected family members has led some
investigators to call for a redefinition of schizophrenia as a cognitive disorder, with
psychosis as a late and potentially preventable consequence (Cohen & Insel 2008).
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Perhaps because of their persistence, cognitive deficits are better predictors of social
function and outcome than the defining symptoms of schizophrenia (Green et al. 2000). As a
result of impaired cognition, only ~20% of individuals with schizophrenia work (Insel
2009). Because schizophrenia strikes young people and affects ~1% of the population
worldwide, this has staggering economic and psychosocial costs (Cloutier et al. 2016).
Consequently, finding effective treatment for cognitive deficits is a priority of the
schizophrenia research community and the focus of large-scale studies (e.g., Buchanan et al.
2007, Marder et al. 2004). An important limitation of these efforts is that cognition is
measured in cross section at a single point in time. Whereas this approach provides a valid
snapshot of function, it neglects the critical role of offline and particularly sleep-dependent
processing in the evolution of memory. This omission is consequential because we lack
effective treatments for cognitive deficits and studying the role of sleep has the potential to
reveal pathophysiology and identify therapeutic targets. If we could identify sleep or
cognitive markers of schizophrenia that precede and predict psychosis, we could transform
our approach to treatment from ameliorative APDs to the development of preemptive
interventions that could forestall or even prevent psychosis (Cohen & Insel 2008). In the
early 2000s, the emerging revolution in our understanding of the role of sleep in cognition,
together with the long association of schizophrenia with abnormal sleep, motivated
investigations of sleep-dependent cognition in schizophrenia (Goder et al. 2004, Manoach et
al. 2004). Today, a growing body of research points to impairments in sleep-dependent
memory consolidation as an important and potentially treatable contributor to cognitive
deficits in schizophrenia. Below, we review the current understanding of the role of sleep in
memory evolution as a prelude to considering its relevance to schizophrenia.

3. Sleep plays diverse roles in memory evolution

3.1. Sleep is not a unitary state

Sleep is traditionally divided into rapid eye movement (REM) sleep and non-rapid eye
movement (NREM) sleep. NREM sleep is subdivided into three stages: N1, N2, and N3
(Figure 2) (see Iber et al. 2007). Each stage contributes to different aspects of memory
evolution (Stickgold & Walker 2013). Stabilization of hippocampus-dependent memories
usually correlates with time spent in the deepest stage of NREM sleep, N3 (Plihal & Born
1997), although emotional memories tend to be associated with REM sleep (Wagner et al.
2001). REM sleep also facilitates complex cognitive processing, for example the extraction
of rules (Barsky et al. 2015) or the formation of new associations for creative problem
solving (Cai et al. 2009). Enhancement of performance on procedural motor memory tasks
—memory for how to perform a task—often correlates with time spent in N2 sleep (e.g.,
Walker et al. 2002). Correlations between time in N1, which can be less than 10 min per
night, and memory have not been identified, although task-related dream reports obtained
from N1 predict postsleep improvement on a navigation task (Wamsley et al. 2010). Thus,
each sleep stage has been associated with distinct forms of memory, leading to the strong
hypothesis that sleep stages evolved to provide the optimal environments for specific
components of memory evolution.
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3.2. Neurophysiological characteristics of individual sleep stages set the stage for
differential memory processing

Sleep stages differ in their spectral content (pattern, amplitude, and frequency of
electrophysiological brain activity). During REM sleep 5-10-Hz theta activity is dominant in
the hippocampus and is hypothesized to facilitate the transfer of information from
hippocampus to neocortex (Poe et al. 2000). During NREM sleep, cortically generated slow
oscillations (0.5-1 Hz) and slow waves (1-4 Hz), thalamic sleep spindles (11-16 Hz)
(Figure 2b), and hippocampal sharp-wave ripples (100-200 Hz) act in concert to mediate
memory consolidation (Latchoumane et al. 2017) (see Section 7). Slow oscillations and slow
waves are also thought to mediate synaptic homeostasis, reversing the daytime strengthening
of cortical synapses to facilitate new learning the following day (Tononi & Cirelli 2006).
Synaptic down-selection, a refinement of the synaptic homeostasis hypothesis, suggests that
homeostatic mechanisms may selectively weaken spurious synapses and thereby increase the
signal-to-noise ratio of memory representations (Nere et al. 2013), although this
interpretation has been questioned (Frank 2012). Although the molecular and synaptic
mechanisms remain unknown, it is clear that sleep supports mechanisms of brain plasticity
important for memory evolution.

3.3. Memory triage determines which memories endure

Not all memories endure, some rapidly fade. If a memory is to endure, it must survive from
the time of encoding until the next sleep period and then undergo sleep-dependent
consolidation. The brain is hypothesized to use a process of memory triage to identify those
memories that are important enough to retain (Stickgold & Walker 2013). However, major
questions about this process remain: First, when are memories tagged for retention—during
wake, sleep, or both? Animal studies suggest that memories are selected for retention by
synaptic tagging with plasticity-related proteins immediately after learning (Cassini et al.
2013). Second, what determines which memories are selected for retention? This may
depend on a calculation of their future relevance. For example, postlearning instructions
informing participants that the following day they will be rewarded for accurate recall of a
subset of the materials they learned lead to selectively enhanced sleep-dependent
consolidation of those materials (Rauchs et al. 2011). Third, once selected, how are
memories retained throughout the day for subsequent processing during sleep? Recent
studies suggest that synchronized brain activity within the networks that were involved in
learning retains new memories across the day, outside of awareness. Functional magnetic
resonance imaging (fMRI) studies show that learning a task changes this wakeful resting
state activity in task-relevant networks (Albert et al. 2009), and that these changes predict
better recognition of the learned material later that same day (Tambini et al. 2010) and even
predict enhancement of memory after a night of sleep (Gregory et al. 2014). For example,
learning a motor procedural memory task increased resting state connectivity (a measure of
the synchronization of neural activity) in the motor network immediately after learning, and
this increase predicted the amount of sleep-dependent performance improvement tested the
following day (Gregory et al. 2014). These findings suggest that resting state activity retains
memories of recent experiences over the course of the day for later processing during sleep.
Finally, how is the form of sleep-dependent memory evolution determined? Sleep can either
stabilize encoded memories in their original form, as it does with word pairs (Baran et al.
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2018), or forego details and instead extract the gist, as it does for word lists (Payne et al.
2009). How the brain selects one form of processing over another is still completely
unknown (Stickgold & Walker 2013).

4. Abnormal sleep is a key feature of schizophrenia

Neuropsychiatric disorders are primarily defined by waking phenomena, but sleep
disturbances are a prominent feature. While usually viewed as secondary, sleep deprivation
can precipitate psychosis and trigger or aggravate a range of disorders, and treating sleep can
improve both symptoms and cognition (for a review, see Manoach & Stickgold 2009). This
suggests that abnormal sleep is not merely epiphenomenal but can directly contribute to
neuropsychiatric disorders. In schizophrenia, sleep disturbances have been described since
Kraepelin (1919). They are common throughout the course of illness, including in
individuals with prodromal symptoms (Lunsford-Avery et al. 2013). They are also reported
in non-psychotic first degree relatives (Keshavan et al. 2004). Sleep disturbances often
herald the initial onset of psychosis and predict relapse in remitted patients (Dencker et al.
1986). Reports of sleep disturbances in unmedicated and antipsychotic-naive patients
(Chouinard et al. 2004) indicate that disturbed sleep is not merely a medication side effect.
In fact, APDs tend to normalize sleep (Krystal et al. 2008), and withdrawal is associated
with a progressive deterioration of sleep quality (Nofzinger et al. 1993), which in turn is
associated with increased positive symptoms (Chemerinski et al. 2002) and relapse (Dencker
et al. 1986).

The most common subjective sleep disturbance in schizophrenia is insomnia (i.e., difficulty
initiating and maintaining sleep) (see Chouinard et al. 2004). Polysomnographic (PSG)
studies—that is, sleep electroencephalograms (EEG) taken together with recordings of eye
movements and muscle tone—often show worse sleep quality in terms of reduced sleep
efficiency (the fraction of time in bed spent asleep), increased sleep onset latencies, and
increased wake time after sleep onset (for meta-analyses see, Benca et al. 1992, Chan et al.
2017, Chouinard et al. 2004). These studies also document diverse abnormalities of sleep
architecture (i.e., the distribution of time spent in different sleep stages). Medicated and
APD-naive schizophrenia patients as well as first-degree relatives show N3 abnormalities,
including reduced duration and power of the large delta waves (~1-4 Hz) that characterize
N3 (for review, see Manoach & Stickgold 2009). Reduced duration and latency of REM
sleep are also reported, but although one meta-analysis has found N3 and REM
abnormalities (Chan et al. 2017), others have not found systematic differences in
schizophrenia patients compared with healthy or psychiatric controls (Benca et al. 1992,
Chouinard et al. 2004).

There are also reports of altered circadian rhythms and increased rates of sleep disorders,
including obstructive sleep apnea, movement disorders, parasomnias, and hypersomnolence
(for a review, see Benson 2015). In summary, despite the long association of various forms
of disturbed sleep with schizophrenia, it has been difficult to pinpoint the exact nature of the
problem and its relation to pathophysiology, cognitive deficits, and symptoms. Inconsistent
findings may stem from sample differences (e.qg., early-course versus chronic patients),
inconsistent definitions and measurements of sleep parameters, and, perhaps most
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importantly, heterogeneity in the underlying pathophysiology. More recent studies have gone
beyond measures of sleep quality and architecture to examine the spectral content of sleep.
A relatively consistent literature has now emerged showing a specific reduction of sleep
spindles in schizophrenia (for a review, see Manoach et al. 2016). Sleep spindles, a defining
oscillation of N2 sleep, are seen in the EEG as brief (~1 s) powerful bursts of 11-16 Hz
activity organized in a waxing/waning envelope (Figure 2b). Compelling evidence from both
correlational and manipulation studies supports an important role for spindles in memory
evolution. In schizophrenia, sleep spindle deficits have been associated with impaired sleep-
dependent consolidation of both procedural and declarative memory.

5. Sleep spindles mediate memory evolution

5.1. Sleep spindles are a key facilitator of the synaptic plasticity involved in memory

In experimental models, spindle-like activity induces massive influxes of calcium ions into
cortical pyramidal cells and triggers the intracellular mechanisms that are involved in long-
term potentiation, a neural mechanism of memory (Sejnowski & Destexhe 2000). In
humans, spindles correlate with the sleep-dependent consolidation of both procedural and
declarative memory (for a review, see Fogel & Smith 2011). EEG, magnetoencephalography,
intracortical electrocorticography, and simultaneous fMRI and EEG studies show that
learning a task induces changes in sleep spindle activity specifically in the regions that were
involved in learning, and that these changes correlate with sleep-dependent memory
evolution (Bang et al. 2014, Clemens et al. 2006, Johnson et al. 2012, Nishida & Walker
2007, Tamaki et al. 2013). These findings suggest that spindle activity in brain networks
involved in learning mediates the reactivation, transformation, and strengthening of memory
traces acquired during the day.

5.2. Sleep spindles have a more general role in cognition

Based on their correlations with a variety of measures of learning ability and 1Q (for a
review, see Fogel & Smith 2011), spindles have been labeled “a biological marker of human
intelligence” (Fang et al. 2017, p. 167). The direction of causality in these relationships is
unclear. They may be mediated by memory: Individuals with more spindles and better sleep-
dependent memory may score higher on 1Q tests. Alternatively, higher 1Q could lead to more
learning, which could increase spindles, or, because sleep spindles protect sleep from
disruption by external stimuli (Dang-Vu et al. 2010), they may enhance sleep quality, which
could lead to better cognitive function (Nebes et al. 2009). Findings that spindles correlate
with reasoning ability even when circadian and sleep quality effects are statistically
controlled suggest that this is unlikely to be the whole story (Fang et al. 2017). Finally, the
relation of spindles with intelligence may be due to a third factor such as the integrity of the
thalamic reticular nucleus (TRN), which both initiates spindles and gates the relay of
sensory information to the cortex to enhance information processing. Investigating the
mechanisms underlying these relations could enhance our understanding of the neural bases
of intelligence.
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6. Sleep spindle deficits impair memory evolution in schizophrenia

6.1. A growing literature documents spindle deficits in schizophrenia

Chronic medicated patients show reduced spindle density (spindles/min) (see Ferrarelli et al.
2007, 2010; Manoach et al. 2010) that correlates with impaired sleep-dependent memory
consolidation (Goder et al. 2015, Wamsley et al. 2012). Spindle deficits are also seen in
medicated adolescents with early-onset schizophrenia spectrum disorder (Tesler et al. 2015).
Importantly, except for two studies reporting increased sleep onset latency (Ferrarelli et al.
2007, 2010), research shows that the spindle deficit occurrs in the context of normal sleep
quality and architecture, demonstrating that, at least in chronic medicated patients, it is not
secondary to sleep disruption.

6.2. Spindle deficits in schizophrenia are not due to antipsychotic drugs or sleep

disruption

The effects of APDs on sleep spindles have seldom been studied. Whereas a single dose of
olanzapine in schizophrenia reduced spindle density (Goder et al. 2008), acute
administration of haloperidol to healthy participants did not affect spindle density
(Hirshkowitz et al. 1982). There are no studies of long-term treatment. Findings of normal
spindle activity in other psychiatric groups taking APDs (Ferrarelli et al. 2010) and of
spindle deficits in early course APD-naive schizophrenia and in young nonpsychotic first-
degree relatives of patients with schizophrenia (D’ Agostino et al. 2018, Manoach et al.
2014) indicate that the spindle deficit is not a side effect of APDs. Unlike chronic patients,
however, relatives and early-course patients exhibit spindle deficits in the context of
disrupted sleep quality and architecture. Two findings demonstrate that reduced spindle
activity is not secondary to sleep disruption or psychosis in these groups: (&) Early-course
psychotic patients with diagnoses other than schizophrenia had disrupted sleep but no
spindle deficits (Manoach et al. 2014), and (4) spindle deficits have been observed in first-
degree relatives of schizophrenia patients in the context of normal sleep quality and
architecture (Schilling et al. 2016). In summary, the spindle deficit in schizophrenia is not
due to APDs, sleep disruption, psychosis, or chronicity and may instead be an
endophenotype (i.e., a trait indicating genetic vulnerability) of schizophrenia that contributes
to cognitive dysfunction (Figure 3) (see Gottesman & Gould 2003).

6.3. Sleep spindle deficits are associated with impaired memory evolution in
schizophrenia

Early studies of sleep-dependent memory evolution in schizophrenia used the finger-tapping
motor sequence task (MST) (Figure 4a) (see Karni et al. 1998), a well-validated probe of
sleep-dependent motor procedural memory. In healthy individuals, significant MST
performance improvements occur after periods of sleep but not wake, and they correlate with
both the duration of N2 sleep (Walker et al. 2002) and sleep spindle density (Albouy et al.
2013, Nishida & Walker 2007). In contrast, as a group, chronic medicated patients with
schizophrenia fail to show significant overnight improvement despite a normal rate and
amount of learning during training (Figure 4b) (see Manoach et al. 2004). Later studies
replicated the failure of overnight MST improvement in schizophrenia (Genzel et al. 2015,
Manoach et al. 2010) and found that it correlated with reduced sleep spindles (Figure 4c)
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(see Wamsley et al. 2012). Reduced sleep-dependent motor procedural memory in
schizophrenia in the context of reduced spindle density has also been demonstrated using a
mirror-tracing task (Seeck-Hirschner et al. 2010). Importantly, in these studies, participants
with schizophrenia showed intact learning during training, implicating memory
consolidation rather than initial learning in the reduced overnight improvement.

More recent work extends the sleep-dependent memory consolidation deficit in
schizophrenia to declarative memory, tested with both picture recognition (Goder et al.
2015) and word-pair recall tasks (Baran et al. 2018). Compared to a day of wake, a night of
sleep improved picture recognition accuracy in healthy participants but not schizophrenia
patients, who, despite having comparable sleep architecture, showed reduced spindle
density. In both groups, the sleep-dependent change in recognition accuracy correlated with
spindle density (Figure 4d). Similarly, on a cued word-pair recall task, a night of sleep
allowed controls, but not patients, to maintain their memory.

Spindle deficits also correlate with poorer executive function, worse memory, and lower 1Q
(Figure 4e) in APD-naive, early course patients with both schizophrenia and other psychotic
disorders, as well as in nonpsychotic first-degree relatives of schizophrenia patients (see
Manoach et al. 2014, Schilling et al. 2017), supporting a more general role of spindles in
cognitive deficits.

A limitation of these studies is that their small sample sizes may leave them underpowered
to detect meaningful effects and may contribute to inconsistent findings. For example, in one
MST study the correlation between spindle density and overnight improvement in
schizophrenia was significant (21 = 0.45, p=0.04) (Wamsley et al. 2012), but in a smaller
study with a similar effect size it was not (114 = 0.46, p=0.10) (Manoach et al. 2010). The
large basic literature showing robust correlations of spindle density with both procedural and
declarative memory and a range of cognitive measures including 1Q (Fogel & Smith 2011),
together with the finding that manipulating spindles affects memory in animals and humans
(see Section 9), support the hypothesis of a causal role for spindle deficits in impaired sleep-
dependent memory consolidation in schizophrenia. In summary, there is growing evidence
that spindle deficits contribute to cognitive dysfunction in APD-naive, early-course, and
chronic medicated patients with schizophrenia as well as their first-degree relatives.

7. Spindle deficits in schizophrenia implicate thalamic reticular nucleus
and thalamocortical circuit dysfunction

7.1. Sleep spindles are initiated in the Thalamic Reticular Nucleus, which is abnormal in
schizophrenia

The thalamus is the gateway by which information from the senses reaches the cortex, and
the TRN is considered the guardian of that gateway (Crick 1984). The TRN is a thin net-like
structure that is strategically positioned between other thalamic nuclei and the cortex, which
enables it to modulate thalamocortical communication (Figure 5). The TRN, which is
comprised entirely of gamma-amino butyric acid (GABA) neurons, is the major inhibitory
nucleus of the thalamus. It powerfully inhibits excitatory glutamatergic thalamic projection
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neurons to gate the relay of information to the cortex during wake and to initiate spindles
during sleep (Pinault 2004). Sleep spindle initiation by the TRN depends on powerful and
prolonged inhibition of thalamocortical neurons (Steriade 2003) followed by rebound spike
bursts that entrain cortical neurons to oscillate at spindle frequency (Contreras & Steriade
1996). The TRN, in turn, receives modulatory input from the thalamus and cortex via
collaterals from thalamocortical and corticothalamic neurons. Whereas the thalamus can
generate sleep spindles in isolation, their propagation and synchronization across the cortex
require reciprocal interactions within thalamocortical feedback loops (Contreras et al. 1996).
Thus, the expression of sleep spindles depends on glutamatergic and GABAergic
neurotransmission within thalamocortical circuitry, which are implicated in current
pathophysiological models of schizophrenia. In schizophrenia, postmortem studies reveal
TRN abnormalities, including decreased nicotinic receptor binding (Court et al. 1999),
increased expression of excitatory amino acid transporters (Smith et al. 2001), and
reductions in parvalbumin-expressing neurons and perineuronal nets—extracellular
structures that support, modulate, and protect neurons (Steullet et al. 2017). A consequent
impairment of TRN-mediated inhibition of thalamocortical neurons in schizophrenia could
decrease the rebound bursting that generates spindles and impair the gating of information
flow to the cortex.

7.2. TRN-mediated thalamocortical circuit abnormalities may contribute to the waking
manifestations of schizophrenia

The TRN also plays an important role in waking cognition, acting as an “attentional
searchlight” (Crick 1984, p. 4,586) that selectively intensifies or suppresses the flow of
information to specific cortical regions. Rather than being a monolithic structure, the TRN is
comprised of sectors that receive distinct inputs from the thalamus and cortex and have
distinct projections to thalamic nuclei (Pinault 2004, Zikopoulos & Barbas 2012). It is the
TRN neurons that project to sensory rather than limbic thalamic nuclei that participate in
spindle generation, inhibit sensory processing during sleep, and augment sensory processing
during attention-demanding tasks (Halassa et al. 2014). Impaired TRN-mediated inhibition
of thalamocortical neurons in schizophrenia might result in increased and less filtered
forwarding of sensory information during wake and a consequent fragmentation of attention.

Resting-state functional connectivity MRI (rs-fcMRI) studies provide indirect evidence of
increased thalamocortical information flow in schizophrenia. Such studies consistently
report increased functional connectivity between the thalamus and motor and sensory cortex
in schizophrenia (Anticevic et al. 2014, Ferri et al. 2018, Klingner et al. 2014, Skatun et al.
2017, Woodward et al. 2012) and in individuals at clinical high risk for schizophrenia, in
whom it predicts conversion to illness (Anticevic et al. 2015). Recent work shows that this
hyperconnectivity in schizophrenia correlates with reduced spindle density (Figure 6) (see
Baran et al. 2016). Like prior studies, this study found thalamic hyperconnectivity with
motor and somatosensory cortex, a selectivity that may reflect the anatomical organization
of thalamocortical circuits, which can be divided into thalamic matrix versus core pathways
(Jones 1998). Matrix neurons are widespread throughout the thalamus and project diffusely
to multiple cortical regions. Core neurons, in contrast, have restricted, topographically
organized cortical projections and are the primary input to sensory and motor regions. Core
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neurons are thought to initiate focal spindles in sensory and motor regions, which have been
associated with memory consolidation (Clemens et al. 2006, Johnson et al. 2012), whereas
matrix neurons are thought to play a greater role in initiating widely distributed spindles and
in synchronizing spindles across the cortex (Bonjean et al. 2012). Thus, thalamocortical
hyperconnectivity in motor and sensory regions and a correlated reduction in spindle density
in schizophrenia are most consistent with abnormalities of the core pathway.

Both thalamocortical hyperconnectivity (Avram et al. 2018, Ferri et al. 2018) and spindle
deficits (Ferrarelli et al. 2010, Manoach et al. 2014, Wamsley et al. 2012) have also been
shown to correlate with positive symptoms including hallucinations, which reflect difficulty
distinguishing externally from internally generated auditory stimuli. Other signs of
schizophrenia are consistent with defective TRN modulation of thalamocortical information
flow (Pinault 2004, Vukadinovic 2011) including deficient sensory gating, which may result
in sensory overload (Clementz et al. 1998), impaired attentional modulation, and abnormal
corollary discharge (i.e., reduced suppression of sensations resulting from one’s own
actions) (see Mathalon & Ford 2008). In healthy young people, reduced spindle density
correlates with both elevated scores on scales of psychosis proneness and increased thalamic
glutamine/glutamate levels, further supporting mechanistic links between spindles,
heightened thalamic excitation, and psychosis risk (Lustenberger et al. 2015). Collectively,
these findings are consistent with the hypothesis that TRN dysfunction in schizophrenia
contributes to spindle deficits during sleep and to signs, symptoms, and cognitive
dysfunction during wake. If this is true, interventions targeting TRN dysfunction could
improve both cognitive deficits and symptoms. To realize this goal, it is necessary to
understand the mechanisms of TRN dysfunction.

8. Thalamic Reticular Nucleus and spindle abnormalities in schizophrenia
may have genetically mediated neurodevelopmental origins

8.1. Spindles are a heritable component of the sleep electroencephalogram

Genetic studies provide unprecedented opportunities to advance our understanding of
spindle deficits and can guide the development of treatments targeted to specific
mechanisms. EEG spectral power in the 11-16-Hz sigma band, which corresponds to sleep
spindles, is highly heritable based on twin studies, and it shows both high interindividual
variability and within-individual stability, leading to its description as an
“electrophysiological fingerprint” (Ambrosius et al. 2008, De Gennaro et al. 2008). Based
on 730 participants in a familial study of sleep (Dean et al. 2016), 33-48% of the variances
in 12-15-Hz spindle density, frequency, and amplitude were genetically determined (Purcell
et al. 2017). Despite this evidence of a strong genetic contribution to sleep spindles,
relatively little is known about their genetic underpinnings.

8.2. Recent studies have identified risk genes for neurodevelopmental disorders that may
contribute to spindle deficits and illuminate their mechanisms

CACNA1/, arisk gene for schizophrenia that is implicated in both common (Schizophr.
Work. Group Psychiatr. Genom. Consort. 2014) and rare (Gulsuner et al. 2013) variation,
encodes a calcium channel (Cav3.3) that is expressed only in the brain and preferentially in

Annu Rev Clin Psychol. Author manuscript; available in PMC 2020 June 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manoach and Stickgold Page 11

the TRN and hippocampus (see Allen Mouse Brain Atlas, at http://mouse.brain-map.org,
and GTex, at http://www.gtexportal.org). Cav3.3 is the major spindle pacemaker in the
thalamus, and mouse CACNA1/knockouts have a specific spindle deficit (Astori et al.
2011). One de novo CACNA1/ mutation found in schizophrenia disrupts Cav3.3 channel
activity in the TRN. In an experimental model, this disruption reduced the rebound burst
firing necessary for spindle generation, suggesting Cav3.3 channel activity as a potential
treatment target (Andrade et al. 2016).

Similarly, PTCHD1, which is mutated in ~1% of individuals with autism spectrum disorder
and intellectual disability, is selectively expressed in the TRN early in postnatal
development. Deletion of PTCHDI in mouse TRN causes spindle deficits and learning
impairment. Importantly, these deficits can be rescued by drugs that correct signaling in the
affected channel, identifying another potential treatment target for ameliorating spindle
deficits (Wells et al. 2016).

These studies show that genetic variation associated with neurodevelopmental disorders
affects TRN function and results in physiological and behavioral phenotypes reminiscent of
those seen in humans with these disorders and are potentially treatable. This evidence places
reduced sleep spindle activity, a heritable component of the sleep EEG, in a hypothetical
causal chain from risk genes to diagnosis (Figure 7).

8.3. The Thalamic Reticular Nucleus and spindle activity participate in the development
and refinement of thalamocortical circuitry

Genetic variation affecting the TRN during neurodevelopment could predispose to
schizophrenia. Rodent studies show that during gestation, axons that pass between the cortex
and the thalamus all pass through the TRN, which helps guide them to their terminations
(Mitrofanis & Guillery 1993). As early as the first postnatal week, spindle bursts—
precursors of adult sleep spindles that are similar in shape, frequency, and origin
(Lindemann et al. 2016)—appear and refine reciprocal thalamocortical glutamatergic
connections to somatosensory and motor cortex (Cirelli & Tononi 2015). Although causal
experiments are needed to examine the effects of perturbing migration and synaptic
refinement on the establishment of thalamocortical circuitry, one might speculate that by
disrupting the development of this circuitry, genetically mediated TRN abnormalities could
set the stage for neurodevelopmental disorders.

9. Sleep oscillations are modifiable targets for improving cognition, but
timing matters

9.1. Recent work supports a causal role for spindles in memory consolidation

Although most data linking sleep spindles to cognition are correlational, there is a
burgeoning literature in humans suggesting a causal role for spindles. Increasing spindles or
sigma power either pharmacologically via zolpidem (Kaestner et al. 2013, Mednick et al.
2013) or via transcranial stimulation (Del Felice et al. 2015, Marshall et al. 2006) improves
sleep-dependent memory consolidation (for a meta-analysis see, Barham et al. 2016),
including for the MST (Lustenberger et al. 2016), whereas stimulation that decreases sigma
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power impairs memory (Marshall et al. 2011). This work provides an impetus to develop
novel therapies for spindle deficits to improve cognition.

A few studies have attempted to improve cognition in schizophrenia by manipulating
spindles. In a small sample of patients, transcranial stimulation during N2 did not
significantly alter sleep parameters but improved word-list recall (Goder et al. 2013). In
another study that did not include PSG, the sleep drug eszopiclone (Lunesta) improved
working memory in schizophrenia but not symptoms (Tek et al. 2014). Eszopiclone prolongs
inhibitory postsynaptic currents through GABA, receptors on TRN neurons, which
increases the burst firing necessary for spindle initiation (Jia et al. 2009). Our group has
examined the effects of eszopiclone on spindles and sleep-dependent memory consolidation
using the MST in schizophrenia. An initial study showed that eszopiclone significantly
increased spindles in schizophrenia, but it may have been underpowered to detect an effect
on memory (Wamsley et al. 2013). In a larger randomized clinical trial, eszopiclone again
significantly increased spindles, and spindles correlated with memory; disappointingly,
however, eszopiclone failed to improve memory in either patients or healthy controls (Baran
et al. 2017). Recent findings may explain this failure.

9.2. Sleep-dependent memory consolidation relies not only on spindles but also on their
precise temporal coordination with cortical slow oscillations and hippocampal sharp-wave

ripples

Sleep spindles do not act in isolation to mediate memory. During NREM sleep, cortical slow
oscillations coordinate spindle generation in the TRN and the reactivation of memory
representations during high frequency (100-200 Hz) hippocampal sharp-wave ripples (Ji &
Wilson 2007, Wilson & McNaughton 1994). Hippocampal ripples nest in the troughs of
spindles, which preferentially occur during the up states of slow oscillations (Figure 8). The
orchestration of these three cardinal oscillations of NREM sleep is thought to support the
transfer of new memories from temporary dependence on the hippocampus to longer-term
representation in the cortex (Born & Wilhelm 2012, Siapas & Wilson 1998). The importance
of this coordination for memory is supported by recent findings of both human and animal
studies. In mice, optogenetic induction of spindles on the rising phase of slow oscillations
leads to enhanced memory consolidation, whereas suppression of spindles at this phase
impairs consolidation (Latchoumane et al. 2017). In older people, the coupling of slow
oscillations with spindles degrades, and this reduction is associated with increased forgetting
(Helfrich et al. 2018). Finally, in schizophrenia, although the coupling of spindle and slow
oscillations appears to be intact, both the number of spindles and their temporal coordination
with slow oscillations predict MST memory consolidation. Together, spindle density and
timing in relation to slow oscillations predict memory consolidation significantly better than
either variable alone, suggesting that both are important for memory consolidation
(Demanuele et al. 2017). This body of work suggests that to improve memory in
schizophrenia, an intervention needs to not only increase spindles but also to preserve or
enhance slow oscillations and hippocampal ripples and their temporal coordination with
spindles. It would be beneficial to characterize drug effects on these three oscillations and on
memory prior to embarking on large, expensive, and lengthy clinical trials. Because
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hippocampal ripples are difficult to measure noninvasively in humans, drug screening will
require complementary animal and human studies.

10. Methodological and measurement challenges in sleep spindle
research

10.1. Spindle definitions vary

Whereas the fundamental definition of sleep spindles as brief (~1 s) oscillations triggered by
the TRN is unquestioned, there is debate about how they should be studied. This is in part
due to historical reasons: Sleep spindles are defined in the American Academy of Sleep
Medicine sleep scoring manual as distinct human scalp EEG “waves with frequency 11-16
HZ (most commonly 12-14 Hz with a duration =0.5 sec” (Iber et al. 2007, p. 23). Several
features of this definition are noteworthy. Sleep spindles are defined as EEG events (i.e.,
without reference to their brain origin) based on visual recognition of the waveforms filtered
at 0.3-35 HZ. Thus, spindle detection requires relatively high amplitude waveforms in the
absence of excessive interference from higher-frequency activity. Whereas the minimum
duration is 0.5 s, no upper limit is specified.

In current practice, EEG frequency ranges assigned to spindles vary substantially from 9 to
16 Hz. In addition, spindles are often divided into fast spindles, which dominate in central
and parietal electrodes, and slow spindles, expressed most strongly in frontal electrodes.
Again, definitions vary, and slow spindle ranges may not even overlap (e.g., 9-12 Hz in
Ayoub et al. 2013 and 12-13.5 Hz in Wamsley et al. 2013. Some researchers have
determined fast and slow spindle frequency ranges on a per-subject basis, given the
considerable variability across individuals (Cox et al. 2017). Because spindle frequency
ranges are based on scalp EEG, none has the face validity that could be obtained from
concurrent thalamic recordings. Similar issues arise when looking at the relations of spindles
with slow oscillations. The latter can be called either slow waves or slow oscillations, and
they have been variably defined as <1 Hz (Molle et al. 2011), <1.25 Hz (Helfrich et al.
2018), or even 0.5-4 Hz (Demanuele et al. 2017). These different definitions complicate
comparison across studies.

10.2. Thereis no agreed-upon method for quantifying spindle activity

Once a spindle frequency range has been chosen, the next issue is how to identify and count
spindles. The classic method is hand counting, usually using EEG channels C3, C4, or both.
The EEG may be displayed with standard filtering (e.g., 0.3-35 Hz) (see Iber et al. 2007) or
after filtering specifically for spindle activity (e.g., 12-16 Hz). The latter method removes
much extraneous activity and allows the detection of spindles with substantially lower
amplitude. Hand counting requires training, is time consuming, is not feasible for high-
density EEG arrays, and results in large interscorer variability, even among sleep experts
(Warby et al. 2014). More recently, spindles have been counted using automated computer
algorithms, which also produce substantially different outcomes (Warby et al. 2014). One
solution to the problem of identifying and counting spindles is to instead quantify the
spectral power within the spindle (sigma) frequency band. A more sophisticated approach
involves the use of multitaper spectral analysis, which eliminates the need for sleep staging
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and permits the quantification of sigma activity in time-frequency plots of the EEG (Prerau
etal. 2017).

10.3. Spindle activity changes dramatically across the lifespan

Another source of variation in spindle measurement is normal developmental changes,
which are thought to reflect the maturation and later the development or disruption of
thalamocortical regulatory mechanisms (Clawson et al. 2016). In a study of 11,630
individuals aged 4 to 97 years (Purcell et al. 2017), spindle density increased minimally
(4%) between age 4 and its peak at age ~20, and then it declined almost by half (~45%) over
the next 60 years. Spindle topography and morphology also change. For example, peak
sigma frequency increased from early childhood into adolescence from a modal value of
12.0 Hz at 10 years t013.5 Hz at age 20, and then it stabilized at 14.0 Hz for ages 30-70
(Purcell et al. 2017). Across development, the correlations of spindle parameters with
cognitive ability, learning, and memory also vary. For example, middle-aged and older adults
show overnight MST improvement, but unlike what is seen in young adults, improvement
does not correlate with spindle number or density (Tucker et al. 2011, Wamsley et al. 2012).
Whether and how the developmental trajectory of spindle expression and function is altered
is schizophrenia are open questions.

10.4. Adding magnetoencephalography to electroencephalography provides a more
complete characterization of spindles

Based on their biophysical characteristics, MEG and EEG are differentially sensitive to
spindles (Dehghani et al. 2010, 2011). Only about half the spindles detected by MEG are
also seen in EEG, and MEG misses about 15% of spindles detected by EEG (see Dehghani
et al. 2011). Spindles detected by MEG alone tend to have a focal onset and not to spread
across the cortex. In contrast, spindles seen in both modalities are detected earlier in MEG
and are only detected by EEG after spreading and becoming more coherent and powerful.
Thus, MEG sees more spindles and is more sensitive to the emergence of focal spindles due
to its more confined sensitivity patterns. In contrast, EEG, with its more diffuse sensitivity
that is independent of the orientation of the source, is more likely to detect spindles from
radial sources and those that rapidly cover extended areas of the cortex. For these reasons,
MEG is more sensitive to oscillations generated via the core thalamocortical pathway, whose
projections dominate in motor and sensory cortical areas and, as we hypothesized above,
may be culpable in the spindle deficits of schizophrenia. EEG is more sensitive to
oscillations generated by the matrix pathway, which projects broadly. Disadvantages of
MEG include its cost and the requirement that subjects sleep with their head in the bore of
the machine.

10.5. Different spindle types may have different functions

In addition to the difference between core and matrix spindles, the distinction between fast
and slow spindles also has functional relevance. It is fast centroparietal spindles (=12 Hz)
that are most associated with memory consolidation (Molle et al. 2011) and are abnormal in
schizophrenia (Ferrarelli et al. 2007, Wamsley et al. 2012). Fast and slow spindles have
different hemodynamic correlates (e.g., greater hippocampal activation for fast spindles,
which is consistent with memory processing); respond differently to drugs (Ayoub et al.
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2013); are differentially synchronized with slow oscillations (Molle et al. 2011); and have
different profiles with respect to age, sex, topography, and dynamics across the night.
Moreover, fast and slow spindles are not genetically correlated. All these differences are
consistent with fast and slow spindles having distinct origins and functions (Purcell et al.
2017). Another distinction relevant for memory is whether spindles are coupled with slow
oscillations and hippocampal ripples. Unfortunately, ripples in the human hippocampus can
only be observed with invasive techniques such as intracranial EEG, so it is not known
whether it is specifically ripple-coupled spindles that are implicated in memory deficits in
schizophrenia.

11. Future directions in research on sleep spindles in schizophrenia

11.1. Well-powered human genetic studies are necessary to decipher the genetic
architecture of sleep spindles

To evaluate the spindle deficit as an endophenotype, it is important to determine its
specificity to schizophrenia and to establish its heritability and genetic architecture in large
genomic studies. Emerging findings herald a new era in neuropsychiatry in which we are
beginning to forge empirical links in causal chains connecting risk genes, brain circuit
dysfunction, physiology, and clinical syndromes (Figure 7). This work will enable us to
develop mechanistically targeted treatments. Specifically, genetic studies can reveal
mechanisms of TRN dysfunction and spindle deficits in schizophrenia and other disorders.
Like most human traits, sleep spindles likely have a complex genetic architecture, with
allelic variants in many genes combining to influence spindle expression. Genome-wide
association studies (GWAS) with large sample sizes can capture genetic variation due to
common alleles. Alleles identified with statistical confidence can then help to establish the
broader gene networks that produce spindles and underlie their variation across populations.
It is now also feasible to sequence the entire exome or genome in large numbers of
individuals—an approach that can identify rare variants that may have larger effects on
spindles because rare variants are likely to have arisen recently (and might even be de novo
in the proband) and are less subject than common variants to natural selection (Veltman &
Brunner 2012). A more fundamental challenge to genetic studies is that spindle activity
cannot unambiguously be reduced to a single quantitative trait, because it likely represents a
complex and possibly genetically heterogeneous set of processes (Purcell et al. 2017).

A major methodological challenge to deciphering the genetic architecture of sleep spindles
is that it is prohibitively expensive and time consuming to conduct overnight PSG along with
genetic characterization in large samples. A potential shortcut is the use of afternoon naps
instead of overnight sleep (Mednick et al. 2003). Prior work has shown that memory
improvement following a nap correlates with spindles (Schmidt et al. 2006) and that the
architecture of postlunch naps resembles that of a night of sleep (Monk 2005), but studies
demonstrating that spindles during nap and overnight recordings have the same trait-like
features are lacking, and naps still require a considerable investment.

A potentially more fruitful goal for future work is to identify more scalable biomarkers of
the thalamocortical pathology that gives rise to spindle deficits in schizophrenia. This is
challenging because TRN function during wake in humans is poorly understood, partly
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because its size and location of the TRN make it largely inaccessible to neuroimaging.
Consequently, animal models may be necessary to illuminate the contribution of the TRN to
waking cognition (Halassa et al. 2014). A possible electrophysiological readout of TRN
function is sensory gating (Krause et al. 2003), which attenuates redundant or irrelevant
sensory stimuli, can be elicited using the P50 and prepulse inhibition event-related potential
paradigms, and is deficient in schizophrenia patients and their first-degree relatives
(Clementz et al. 1998, Swerdlow et al. 2008). The TRN is also thought to contribute to both
evoked and spontaneous cortical gamma band oscillations (30-80 Hz, typically ~40 Hz (see
Pinault 2004), which are strongly associated with working memory and performance of
attention-demanding cognitive tasks and are abnormal in schizophrenia (Uhlhaas & Singer
2010).

11.2. Itis important to define the scope and consequences of sleep-dependent memory
deficits in schizophrenia

Dissociations such as reduced sleep-dependent consolidation of motor procedural memory
in the context of intact spatial declarative memory consolidation (Seeck-Hirschner et al.
2010) and reduced consolidation of word-pair memory in the presence of intact sleep-
dependent visuoperceptual procedural memory enhancement (Baran et al. 2018) suggest that
only certain memory types are affected in schizophrenia, perhaps those that rely on spindles.
Recognition that impaired sleep-dependent memory consolidation is a key contributor to
cognitive disability in schizophrenia is growing, but there are still relatively few studies and
those that exist have small sample sizes.

One of the challenges to studying sleep-dependent memory consolidation in schizophrenia is
identifying tasks on which patients can reach normal levels of encoding during training. This
is an important consideration in study design, because it allows for any deficit in sleep-
dependent improvement to be attributed to sleep rather than worse encoding. Both the MST
(Manoach et al. 2004) and mirror-tracing (Seeck-Hirschner et al. 2010) procedural learning
tasks meet this criterion, as does the word-pair declarative memory task (Baran et al. 2018),
although patients require more drilling to reach the same level of encoding as controls.

It is also important to determine how sleep-dependent memory deficits affect daily function.
Sleep-dependent procedural memory deficits represent a breakdown of task automation
(Manoach et al. 2004, Manoach & Stickgold 2009), which normally renders performance
not only faster and less variable but also less dependent on voluntary attention. A failure of
sleep-dependent automation leaves fewer attentional resources available for higher-order
task demands and could thereby contribute to the generalized cognitive deficits that are a
hallmark of schizophrenia (Chapman & Chapman 1978). Since treating deficits in sleep-
dependent memory processing could improve overall cognitive functioning, measures of
sleep-dependent memory consolidation should be included in clinical trials.

11.3. Spindle deficits may be relevant to the pathophysiology, manifestation, and
treatment of other disorders

To evaluate the spindle deficit as diagnostic biomarker, it is important to determine its
specificity to schizophrenia. In one study, spindle deficits were observed in APD-naive
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patients with schizophrenia but not in those with other psychotic disorders (Manoach et al.
2014). Two other studies reported spindle deficits in schizophrenia but not in a mixed
psychiatric control group taking APDs (Ferrarelli et al. 2010) or in individuals with a history
of depression (Ferrarelli et al. 2007), consistent with another report of normal spindles in
depression (Plante et al. 2013). There are scattered reports, however, of spindle
abnormalities in other neurodevelopmental and neurodegenerative disorders characterized by
cognitive impairment, including mental retardation (Shibagaki et al. 1982), Williams
syndrome (Bodizs et al. 2012), autism (Farmer et al. 2018), Parkinson’s disease with
dementia (Latreille et al. 2015), and Alzheimer’s disease (Gorgoni et al. 2016). However, the
literature on these disorders is not as extensive or consistent as it is for schizophrenia, and
whether the associated spindle deficits have unique characteristics and consequences
remains to be determined. In conclusion, abnormal sleep is a prominent and understudied
feature of neurodevelopmental, neuropsychiatric, and neurodegenerative disorders that may
contribute to the defining symptoms and cognitive deficits and is a potential target for
treatment. As has been demonstrated in major depression (Fava et al. 2006), treating sleep
can be more effective than targeting symptoms alone. To identify treatment targets, future
work must define sleep abnormalities in different disorders, understand how they contribute
to disability, and illuminate their mechanisms.
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Summary Points

Rather than being simply a passive, restorative state, sleep is an active period
of cognitive functioning that is essential to learning and memory.

Patients with schizophrenia and their nonpsychotic first-degree relatives have
sleep spindle deficits that are not secondary to antipsychatic drugs or sleep
disruption and instead may be endophenotypes.

Spindle deficits in schizophrenia may impair memory consolidation and are
associated with lower 1Q, executive dysfunction, and positive symptoms.

The associations of sleep spindle deficits in schizophrenia with
thalamocortical hyperconnectivity and positive symptoms suggests that
reduced inhibition of thalamocortical neurons by the thalamic reticular
nucleus (TRN) is a common mechanism.

TRN dysfunction and abnormal sleep spindle activity may contribute to the
neurodevelopment of schizophrenia via their roles in establishing and refining
thalamocortical circuitry.

Thalamic sleep spindles need to be temporally coordinated with cortical slow
oscillations and hippocampal sharp-wave ripples to mediate memory
consolidation during sleep.

These three cardinal oscillations of non-rapid eye movement sleep can be
manipulated pharmacologically and with noninvasive stimulation to enhance
memory, and they constitute novel treatment targets.

Our growing understanding of the pathophysiology of abnormal sleep spindle
activity in schizophrenia opens new avenues for research on treatment and
prevention.
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Future Directions

1 Genetic studies that reveal mechanisms of sleep spindle deficits in
schizophrenia can identify specific treatment targets.

2. To translate these advances, we need to develop efficient methods to select the
most promising drugs for clinical trials based on their effects on the
coordination of sleep oscillations and memory.

3. In recognition of their importance to understanding both the manifestations
and the pathophysiology of schizophrenia, measures of spindle activity and
sleep-dependent cognition should be included in clinical trials.

4, Cross-disciplinary research is necessary to forge empirical links in causal
chains from schizophrenia risk genes to spindle deficits to diagnosis. These
collaborative efforts provide unprecedented opportunities to advance our
understanding of the genetics and pathophysiology of schizophrenia and to
improve treatment, early identification of individuals at risk, and efforts at
prevention.
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Figurel.
Exponential growth of research on sleep and memory. Articles on sleep and learning listed

in PubMed when searching for (memory[Title] OR learning[Title] AND sleep[Title]) have
increased exponentially since the publication of a review on the topic in Sciencein 2001
(Stickgold et al. 2001), with a doubling time of just under 4 years. Cover reproduced with
permission from Stickgold et al. 2001.
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Figure2.
A good night’s sleep. (&) Hypnogram showing the distribution of sleep stages across a

typical night. A typical night consists of five 90-min cycles that include REM sleep. Most of
the deep slow-wave sleep (N3) occurs early in the night, and most of the REM sleep occurs
later in the night. N1 is a transitional state from wake to sleep, characterized by the
disappearance of 8-12 Hz (alpha) waves from the EEG and the appearance of >0.5-s slow,
rolling eye movements (Iber et al. 2007). N2 is defined by the presence of isolated K-
complexes—sharp negative waves followed by a positive component lasting >0.5-s—and
sleep spindles. N3 is defined by the presence of large (>75-uV peak to peak), slow (1-4 Hz)
waves occupying at least 20% of each 30-s epoch. (6) A typical sleep spindle recorded from
a scalp EEG sensor. Abbreviations: EEG, electroencephalogram; REM, rapid eye
movement.
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A schematic illustration of the endophenotype concept in psychiatry. Endophenotypes are

measurable traits, invisible to the unaided eye, along the pathway between disease and

genotype (see Figure 7). They are simpler manifestations of the genetic underpinnings of a
disorder than the syndrome itself. Shaded areas indicate the expected presence of an
endophenotype (e.g., sleep spindle deficits) in individuals with schizophrenia, those with
spectrum disorders, syndromally unaffected family members, and the general population.
Existing evidence shows that sleep spindle deficits meet criteria 1, 2, and 5. Although
spindles are trait-like across nights in studies of healthy individuals (e.g., Cox et al. 2017),
stability of the deficit in longitudinal studies of individuals with schizophrenia across
prodromal, psychotic, and remitted states would satisfy criterion 3. No study to date has
addressed criterion 4. Definition and criteria adapted from Gottesman & Gould (2003).
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Figure 4.

Sleep in relation to cognition in schizophrenia. (&) The finger-tapping motor sequence task
(MST) requires participants to repeatedly type a five-digit sequence (e.g., 4-1-3-2-4) on a
keyboard with the left hand, as quickly and accurately as possible, for 12 30-s trials
separated by 30-s rest periods. Participants train before sleep and test on an additional 12
trials after sleep. The primary outcome measure is overnight improvement, calculated as the
percent increase in correctly typed sequences from the last three training trials to the first
three test trials (Walker et al. 2002). (6) MST performance in schizophrenia (Manoach et al.
2004). The yaxis is scaled separately for controls (/ef?) and patients (righ?) to highlight the
similarity of learning curves on day 1 and the failure of overnight improvement in the
schizophrenia group only. The dashed line is positioned at the mean value of the last three
training trials for both the control and patient groups. The break between the plots represents
the passage of 24 hours, including a night of sleep. Patients and controls did not differ in the
amount of learning during training, but only controls showed significant overnight
improvement. (¢) Sleep-dependent improvement in schizophrenia correlates with spindle
density during N2 sleep in the posttraining night (r=0.45, p= 0.04) (Wamsley et al. 2012).
(d) Declarative memory evolution and sleep spindles. Compared to a day of wake, a night of
sleep resulted in a 12% improvement in picture recognition accuracy (p < 0.001) in healthy
participants. Schizophrenia patients showed no sleep-dependent benefit, and despite having
comparable sleep architecture, they showed a 54% reduction in spindle density (p < 0.001).
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In both groups, the sleep-dependent change in recognition accuracy correlated with spindle
density (Goder et al. 2015). (€) Regressions of estimated verbal 1Q against spindle amplitude
for early-course antipsychotic-naive patients with schizophrenia, those with other psychotic
disorders, young first-degree relatives of schizophrenia patients, and healthy controls
(Manoach et al. 2014).
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Figureb.
TRN circuitry for generating and synchronizing sleep spindles. The TRN, a net-like nucleus

that sits between the rest of the thalamus and the neocortex, modulates thalamocortical
communication. The TRN receives projections from thalamocortical and corticothalamic
neurons. GABAergic TRN neurons inhibit thalamocortical relay neurons. Glutamatergic
corticothalamic neurons send projections back to the TRN and other thalamic nuclei. Roman
numerals indicate cortical layers. Abbreviations: GABA, gamma-amino butyric acid; Glu,
glutamate; TRN, thalamic reticular nucleus. Figure adapted with permission from Pinault
(2004).
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Figure®6.
Spindle deficits correlate with TC hyperconnectivity in schizophrenia. (&) Blue regions show

significant TC hyperconnectivity in schizophrenia and include motor and somatosensory
cortex. Yellow regions show a correlation of TC connectivity with average spindle density.
Green regions show both significant hyperconnectivity in schizophrenia and a correlation of
connectivity with average spindle density. (5) Average spindle density is plotted against TC
connectivity in motor and somatosensory regions showing a significant inverse correlation.
There were no regions of significantly positive correlation, and the slopes of the relations did
not differ by group. Abbreviations: HC, healthy controls; SZ, schizophrenia; TC,
thalamocortical.
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Figure7.

From genes to diagnosis: a hypothetical causal chain. Risk genes result in thalamic reticular
nucleus—mediated thalamocortical dysfunction, which, in turn, gives rise to candidate
endophenotypes of schizophrenia including sleep spindle and sensory gating deficits, which
contribute to fundamental cognitive deficits, symptoms, and ultimately diagnosis.
Illustrations from left to right represent a strand of DNA, a Manhattan plot identifying risk
genes, thalamocortical hyperconnectivity, a topographic electroencephalogram map of
reduced spindle density, and the sleep-dependent memory consolidation deficit.
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Figure8.
The coordination of sleep spindles with hippocampal ripples and neocortical slow

oscillations in the service of consolidating new memories during sleep. During non-rapid
eye movement sleep, neocortical slow oscillations drive the reactivation of hippocampal
memory representations during sharp-wave ripples in the hippocampus together with
spindles in the thalamic reticular nucleus. Hippocampal ripples nest in the troughs of
spindles, which occur during the up states of slow oscillations. This dialogue between slow
oscillations, spindles, and hippocampal ripples is thought to mediate the transfer of selected
new memories from temporary dependence on the hippocampus to longer-term
representation in the neocortex (Siapas & Wilson 1998). Figure adapted with permission
from Born & Wilhelm (2012).
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