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Although schizophrenia is defined bywaking phenomena, a growing literature documents a deficit in sleep spin-
dles, a defining oscillation of stage 2 non-rapid eyemovement sleep. Compelling evidence supports an important
role for spindles in cognition, and particularly memory. In schizophrenia, although the spindle deficit correlates
with impaired sleep-dependentmemory consolidation, recent clinical trialsfind that increasing spindles does not
improvememory. This may reflect that sleep-dependent memory consolidation relies not on spindles alone, but
also on their precise temporal coordination with cortical slow oscillations and hippocampal sharp-wave ripples.
Consequently, interventions to improve memory in schizophrenia must not only increase spindles, but also pre-
serve or enhance slow oscillations, hippocampal ripples and their temporal relations. Because hippocampal rip-
ples and the activity of the thalamic spindle generator are difficult to measure noninvasively, screening potential
interventions requires complementary animal and human studies. In this reviewwe (i) propose that sleep oscil-
lations are novel pathophysiological targets for therapy to improve cognition in schizophrenia; (ii) summarize
our understanding of how these oscillations interact to consolidate memory; (iii) suggest that a systems neuro-
science strategy is essential to selecting and evaluating effective treatments, and illustrate this with findings from
clinical trials; and (iv) selectively review the interventional literature relevant to sleep and cognition, covering
both pharmacological and noninvasive brain stimulation approaches. We conclude that coordinated sleep oscil-
lations are promising targets for improving cognition in schizophrenia and that effective therapies will need to
preserve or enhance sleep oscillatory dynamics and restore function at the network level.

© 2018 Elsevier B.V. All rights reserved.
1. Cognitive deficits are integral to schizophrenia

Schizophrenia generally strikes in late adolescence or early adult-
hood and affects ~1% of the populationworldwide. In addition to its psy-
chosocial costs, its economic costs are staggering, with the largest share
resulting from unemployment (Cloutier et al., 2016). Cognitive deficits
contribute to poor functional outcome (Green et al., 2000) and the
vast majority of individuals with schizophrenia are unable to work
(Insel, 2009). Cognitive deficits often predate the onset of symptoms
and persist throughout the course of schizophrenia, even after the florid
psychotic symptoms have been effectively controlled with antipsy-
chotic drugs. The persistence of cognitive deficits in patients, and their
presence in unaffected family members, has led some investigators to
call for a reconceptualization of schizophrenia as a cognitive disorder,
with psychosis as a late and potentially preventable consequence
(Cohen and Insel, 2008). Ameliorating cognitive deficits is a priority of
the schizophrenia research community and has been the focus of
large-scale studies (e.g., Buchanan et al., 2007; Marder et al., 2004),
pital, 149 13th St., Room 2618,
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yet effective treatment is lacking. Clearly, novel approaches to under-
standing thepathophysiology of cognitive deficits are needed to identify
therapeutic targets and treatment biomarkers thatwill guide the devel-
opment of novel interventions to improve function and possibly even
prevent onset. In this review we (i) propose that sleep oscillations are
novel pathophysiological targets for therapy to improve cognition in
schizophrenia; (ii) summarize our understanding of how these oscilla-
tions interact to consolidatememory; (iii) suggest that a systemsneuro-
science strategy is essential to selecting and evaluating effective
treatments, and illustrate this with findings from a recent clinical trial;
and (iv) selectively review the interventional literature relevant to
sleep and cognition, covering both pharmacological and noninvasive
brain stimulation approaches. We conclude that coordinated non-
rapid eye movement (NREM) sleep oscillations are promising targets
for improving cognition in schizophrenia and that effective therapies
will need to preserve or enhance sleep oscillatory dynamics and restore
function at the network level.

Reduced sleep spindles in schizophrenia may impair cognition.
Although schizophrenia is defined bywakingphenomena, a growing

literature documents sleep spindle deficits both in patients and their
first-degree relatives (Manoach and Stickgold, 2019). Sleep spindles
are a defining oscillation of Stage 2 NREM sleep (N2) that are seen in
sleep oscillations to improvememory in schizophrenia, Schizophrenia
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the EEG as brief (~1 s) powerful bursts of 11-16 Hz activity organized in
a waxing/waning envelope (Iber et al., 2007). Sleep spindles are gener-
ated in the thalamic reticular nucleus (TRN), which is abnormal in
schizophrenia (Court et al., 1999; Smith et al., 2001; Steullet et al.,
2018). Compelling evidence supports an important role for spindles in
cognition, and particularly memory. In experimental models, spindle-
like activity induces massive influxes of calcium ions into cortical pyra-
midal cells and triggers the intracellular mechanisms that are involved
in long-term potentiation, a neural mechanism of memory (Sejnowski
and Destexhe, 2000). In humans, spindles correlate with IQ, measures
of learning ability and the sleep-dependent consolidation of both proce-
dural and declarative memory (for review, see Fogel and Smith, 2011).
EEG, magnetoencephalography, intracortical electrocorticography and
simultaneous functional MRI and EEG studies converge in showing
that learning a task leads to increased sleep spindle activity in the re-
gions that were involved in learning, and that this activity correlates
with memory consolidation (Bang et al., 2014; Clemens et al., 2006;
Johnson et al., 2012; Tamaki et al., 2013). These findings suggest that
spindle activity in brain networks involved in learningmediates the re-
activation, transformation and strengthening of memory traces ac-
quired during the day (i.e., consolidation). Although most data linking
sleep spindles to cognition are correlational, there is a burgeoning liter-
ature in humans suggesting a causal role. Increasing spindles or sigma
power (12–15 Hz), which corresponds to the spindle frequency band,
either pharmacologically via zolpidem (Kaestner et al., 2013; Mednick
et al., 2013) or via transcranial stimulation (Lustenberger et al., 2016;
Marshall et al., 2006) improves sleep-dependent memory consolida-
tion, while stimulation that decreases sigma power impairs memory
(Marshall et al., 2011). Consistent with this basic literature, in schizo-
phrenia, spindle deficits have been associated with impaired sleep-
dependent consolidation of both procedural and declarative memory
and predict lower IQ and worse executive function (for review see,
Manoach et al., 2016). Studies showing that enhancing spindles im-
proves memory in healthy individuals provide an impetus to target
spindle physiology to ameliorate cognitive deficits in schizophrenia.
Fig. 1. The coordination of sleep spindles with hippocampal ripples and neocortical slow
oscillations in the service of consolidating new memories during sleep (adapted from
Born and Wilhelm, 2012). During NREM sleep, neocortical slow oscillations drive the
reactivation of hippocampal memory representations during sharp wave ripples (green)
in the hippocampus together with spindles (blue) in the TRN. 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 and Wilson, 1998).
2. Increasing spindles alone is insufficient to improve memory

Several studies have attempted to improve cognition in schizophre-
nia by manipulating sleep. In a small sample of patients, compared to
sham stimulation, transcranial direct current stimulation during N2 im-
proved verbal declarativememory (word-list recall), but notmotor pro-
cedural memory (mirror tracing) and had no significant effects on
(unspecified) sleep parameters, which presumably included spindles
(Goder et al., 2013). In a placebo-controlled trial that did not include
polysomnography, eszopiclone (Lunesta), a non-benzodiazepine seda-
tive hypnotic, improved working memory in schizophrenia, but not
symptoms (Tek et al., 2014). Eszopiclone prolongs inhibitory postsyn-
aptic currents in GABAA receptors on neurons in the thalamic spindle
generator, the TRN, thereby increasing the burst firing that initiates
spindles (Jia et al., 2009). This activity profile of eszopiclone motivated
us to examine its effects on spindles and sleep-dependentmemory con-
solidation in schizophrenia.

In a randomized placebo-controlled pilot study, eszopiclone signifi-
cantly increased spindles in schizophrenia, which correlated with over-
night memory improvement, but its effect on memory was not
significant (Wamsley et al., 2013). This might have reflected inadequate
power due to the small sample size (n = 11 placebo, n = 10
eszopiclone) and that memory is a less direct manifestation of drug ef-
fects than spindles. In a subsequent larger randomized placebo-
controlled crossover-design clinical trial, eszopiclone again significantly
increased spindles and spindles correlated with memory, but disap-
pointingly, eszopiclone again failed to improve memory, this time in
healthy controls as well as patients with schizophrenia (Baran et al.,
2017). This raises an obvious question, if spindles are a mechanism of
Please cite this article as: D.S.Manoach, D.Mylonas and B. Baxter, Targeting
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memory consolidation, why does increasing them with eszopiclone
not improve memory?
3. Coordinated NREM sleep oscillations are targets for improving
memory

To understand the basis of this failure, we turned to an emerging lit-
erature showing that sleep-dependent memory consolidation relies not
on spindles alone, but on their interactions with hippocampal sharp-
wave ripples (SWRs; ~100–200Hz) and cortically-generated slow oscil-
lations (SOs; 0.5–1.25 Hz). SOs are large amplitude oscillations that
arise from the rhythmic depolarization and hyperpolarization of large
populations of cortical pyramidal neurons, which represent periods of
neuronal excitability (upstates) and inhibition (downstates), respec-
tively (Steriade et al., 1993). SOs group sleep spindles, which preferen-
tially peak during their excitable upstates (Cox et al., 2018; Demanuele
et al., 2017), and hippocampal SWRs, which nest in spindle troughs
(Clemens et al., 2007; Clemens et al., 2011; Molle and Born, 2011;
Siapas and Wilson, 1998; Staresina et al., 2015) a triple phase-locking
that has been demonstrated to improve memory (Latchoumane et al.,
2017). Hippocampal SWRs are associatedwith highly synchronous neu-
ral firing in the hippocampus and correspond to the reactivation of spe-
cific memories (Ji and Wilson, 2007; Wilson and McNaughton, 1994).
The precisely timed orchestration of these three cardinal NREM oscilla-
tions is thought to mediate the transformation of memories from de-
pendence on temporary indexing in the hippocampus to more
permanent representation in the cortex (Siapas and Wilson, 1998)
(Fig. 1).

The importance of this coordination for memory is supported by re-
centfindings of both human and rodent studies. Inmice, optogenetic in-
duction of spindles on the rising phase of SOs leads to enhanced
memory consolidation while suppression of spindles at this phase im-
pairs consolidation (Latchoumane et al., 2017). In humans, the coupling
of SOs with spindles degrades in older adults, and is associated with in-
creased forgetting (Helfrich et al., 2018). Finally, in schizophrenia, al-
though the timing of spindle-SO coupling appears to be intact, both
the density of spindles (number perminute) and their temporal coordi-
nation with SOs predict overnight memory improvement and together
the prediction is significantly better than either variable alone
(Demanuele et al., 2017). This suggests that both the density of spindles
and their timing in relation to SOs are important for memory.
sleep oscillations to improvememory in schizophrenia, Schizophrenia
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4. Successful interventionswill have topreserve or enhancenetwork
interactions

This literature implies that interventions to improve sleep-
dependent memory consolidation in schizophrenia must not only in-
crease thalamocortical spindles, but must also preserve or enhance cor-
tical SOs, hippocampal SWRs and their temporal relations. If
eszopiclone, or any other intervention that increases spindles, does
not preserve all three oscillations and their precise temporal coordina-
tion, it may fail to improve memory. This is illustrated by findings
from our clinical trial of eszopiclone (Baran et al., 2017). Regardless of
drug or group, spindle, spindle-SO coordination and SO parameters
were highly stable within individuals across nights allowing us to attri-
bute any changes seen to eszopiclone rather than night to night varia-
tion. This stability, also observed in other studies, suggests NREM
oscillations as traits of the sleep EEG and has led to their description
as electrophysiological “fingerprints” (Bodizs et al., 2009; Cox et al.,
2018; DeGennaro et al., 2005; Finelli et al., 2001). Regardless ofwhether
participants were taking placebo or eszopiclone, spindles peaked in SO
upstates (Fig. 2a, Mylonas et al., 2019). Spindle density at a central elec-
trode (Cz) predicted overnight improvement on a motor procedural
memory task in schizophrenia, replicating previous findings
(Demanuele et al., 2017; Wamsley et al., 2012). But there was a signifi-
cantly stronger effect for the density of coupled spindle-SO events,
which predicted memory in a cluster of predominantly right frontal
and central electrodes that included Cz and did not differ by group
(Mylonas et al., 2019). These electrodes overlay the right motor cortex,
contralateral to the hand that trained on the motor memory task
(Fig. 2b). The location of the correlated electrode cluster suggests that
coupled spindle-SO events in motor regions involved in learning the
task mediated its sleep-dependent consolidation. This interpretation is
consistent with studies showing that regionally specific increases in
sleep spindle activity after learning correlate with enhanced memory
performance after awakening (Bang et al., 2014; Clemens et al., 2006;
Johnson et al., 2012; Tamaki et al., 2013). The findings further suggest
that the density of coupled spindle-SO events is a better biomarker of
memory consolidation than spindle density alone.

In addition to increasing spindle density, eszopiclone increased the
density of spindle-SO coupled events. Since both the density of spindles
and spindle-SO coupled events correlated with overnight memory im-
provement, why did eszopiclone fail to improve memory? The answer
may be that eszopiclone also disrupted the timing of spindle-SO
Fig. 2. The temporal coordination of spindleswith slow oscillations (SOs) in relation to sleep-de
showmean SOphase at the peak of the spindle averaged across schizophrenia and healthy contr
Lines represent the mean SO phase for each participant. Arrows represent group means and
Mapping of SO phase to the topographical map and circular plot. b) Overnight improvement
events in the electrode cluster showing a significant correlation (inset shows the electrodes co
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coupling by rendering it less consistent (i.e., the phase of the SO upstate
at which spindles peaked was significantly more variable on
eszopiclone). The precise timing of the spindle peak in the excitable
SO upstate is thought to facilitate the cortical plasticity necessary for
memory formation, and SOs are thought to orchestrate these phase re-
lationships (Molle and Born, 2011). Eszopiclone also changed the mor-
phology of SOs, decreasing their amplitude across all electrodes and
increasing their duration in a large, primarily frontocentral, cluster of
electrodes. Decreased SO amplitude,which could reflect that fewer neu-
rons were recruited in SO expression, correlated with less consistent
spindle-SO coupling. This suggests that lower amplitude SOs were less
able to consistently couple spindles. These findings suggest that
eszopiclone disrupts the fidelity of the thalamocortical dialogue neces-
sary for the consistent, precisely timed coupling of spindles with SOs
that mediates memory. Collectively, 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 SOs and their tempo-
ral coordination with spindles.

5. Complementary animal and human studies are necessary to eval-
uate candidate interventions

During NREM sleep, cortical SOs coordinate spindle generation in
the TRN and the reactivation of memory representations during hippo-
campal SWRs (Ji and Wilson, 2007; Wilson and McNaughton, 1994).
Most human studies are limited to measuring spindles and SOs as the
measurement of hippocampal SWRs requires invasive recordings. A re-
cent study of amnestic patients with hippocampal damage, however,
demonstrates the importance of the hippocampus to sleep-dependent
memory consolidation.While an intact hippocampuswas not necessary
for learning a procedural memory task, it was necessary for its consoli-
dation over a night of sleep (Schapiro et al., 2019). In schizophrenia, the
hippocampus is abnormal (Heckers and Konradi, 2010) and postmor-
tem studies show a selective loss of hippocampal interneurons
(Konradi et al., 2011), which are thought to generate SWRs (Donoso
et al., 2018). This leads to the question of whether a loss of hippocampal
interneurons in schizophrenia could disrupt ripple generation and con-
tribute to reduced sleep-dependentmemory consolidation, a possibility
that would be difficult to test directly.

In the wake of our clinical trial, we tested eszopiclone in rats and
found that it suppresses hippocampal ripples (Becker et al., 2019),
which may have contributed to its failure to improve memory. This
pendentmemory consolidation. a) SO phase at spindle peak. Top row: Topographical maps
ol participants. The circular plot shows the SOphase distributions across participants at Cz.
their length represents the consistency of the SO phase across participants. Bottom row:
on a procedural motor memory task plotted against the density of coupled spindle-SO
mprising the significant cluster). The regression line for the combined groups is shown.

sleep oscillations to improvememory in schizophrenia, Schizophrenia
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obviously would have been important information to consider prior to
embarking on an expensive and lengthy clinical trial. More generally,
themission tofindeffective treatments for cognitive deficitswould ben-
efit greatly from having information on their effects on all three oscilla-
tions (spindles, SOs, SWRs), their coordination and memory. Because
hippocampal SWRs are difficult to measure noninvasively, and TRN ac-
tivity has seldom been examined in vivo in humans since its size and lo-
cation make it difficult to identify with neuroimaging (Viviano and
Schneider, 2015), this endeavor requires complementary animal and
human studies. An increase in spindles with preserved or enhanced
couplingwith cortical SOs andhippocampal SWRs, and improvedmem-
ory in the animal studies would indicate candidacy for human studies
and then clinical trials. In addition to facilitating the identification of
themost promising interventions for future clinical trials, such comple-
mentary research can elucidate how coordinated sleep oscillations act
in concert to mediate memory. This understanding will facilitate the
identification and treatment of circuit dysfunction and sleep-related
cognitive deficits in neurodevelopmental, neuropsychiatric and neuro-
degenerative disorders characterized by spindle deficits and cognitive
impairment (e.g., autism, Farmer et al., 2018; Limoges et al., 2005;
Tessier et al., 2015), Parkinson's Disease with dementia (Latreille et al.,
2015), Mild cognitive Impairment; Alzheimer's Disease (Gorgoni et al.,
2016).

One promising candidate for complementary research is zolpidem
(Ambien), another nonbenzodiazepine sedative hypnotic. Both
eszopiclone and zolpidem bind to GABAA receptors in the thalamus.
While eszopiclone preferentially acts on receptor subunits expressed
in the TRN, zolpidem acts to prolong the decay time of inhibitory post-
synaptic currents of thalamocortical relay neurons, which propagate
spindles to the cortex (Jia et al., 2009). In addition to having different
mechanisms of action, there is evidence that eszopiclone and zolpidem
also have different effects on spindle-SO coupling, memory consolida-
tion and hippocampal SWRs. Both eszopiclone and zolpidemboost spin-
dle activity in humans (Kaestner et al., 2013; Mednick et al., 2013;
Niknazar et al., 2015; Wamsley et al., 2013), but only zolpidem is asso-
ciated with increased coupling of spindles with SOs (in humans,
Niknazar et al., 2015), increased hippocampal SWR complexes (in ro-
dents, Koniaris et al., 2011) and improved sleep-dependent memory
(in humans, Kaestner et al., 2013; Mednick et al., 2013; Niknazar et al.,
2015). The memory enhancing effect of zolpidem may depend on
these effects on spindles, spindle-SO coupling and hippocampal SWRs
and it would be important to test all three oscillations, their coupling
andmemory in a single study, prior to any clinical trial in schizophrenia.
This is possible using in vivo rodent preparations that can record from
the cortex, thalamus and hippocampus simultaneously (Varela et al.,
2011).

6. Genetic studies, by illuminating spindle mechanisms, can provide
specific targets for treatment

Genetic studies are providing unprecedented opportunities to ad-
vance our understanding of the pathophysiology of schizophrenia, and
of spindle deficits, and can guide the development of treatments
targeted to specific spindle mechanisms. Complementary animal and
human researchwill facilitate the efficient translation of these advances
to the clinic by screening potential treatments and selecting the most
promising candidates for clinical trials. For example, CACNA1I, a risk
gene for schizophrenia that is implicated in both common
(Schizophrenia Working Group of the Psychiatric Genomics, 2014)
and rare (Gulsuner et al., 2013) variation, encodes a calcium channel
(Cav3.3) that is expressed only in the brain and preferentially in the
TRN and hippocampus (Allen Mouse Brain Atlas, GTex, mouse.brain-
map.org, www.gtexportal.org). Cav3.3 is the major spindle pacemaker
in the thalamus and mouse CACNA1I knockouts have a specific spindle
deficit (Astori et al., 2011). One de novo CACNA1I mutation found in
schizophrenia disrupts Cav3.3 channel activity in the TRN. In an
Please cite this article as: D.S.Manoach, D.Mylonas and B. Baxter, Targeting
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experimental model, this disruption reduced the rebound burst firing
necessary for spindle generation (Andrade et al., 2016). These findings
suggest the possibility that variation in CACNA1I contributes to spindle
deficits and, by extension, cognitive deficits in schizophrenia. These dis-
coveries have motivated a search for chemical compounds that modu-
late Cav3.3 function (Scolnick and Pan, 2017).

Similarly, PTCHD1, which is mutated in ~1% of individuals with au-
tism spectrum disorder and intellectual disability, is selectively
expressed in the TRN early in postnatal development. Deletion of
PTCHD1 in mouse TRN causes spindle deficits and learning impairment.
Importantly these deficits can be rescued by a drug that corrects signal-
ing in the affected channel, identifying another potential treatment tar-
get for ameliorating spindle deficits to improve cognition (Wells et al.,
2016). These studies show that genetic variation associated with
neurodevelopmental disorders affects TRN function, results in physio-
logical and behavioral phenotypes reminiscent of those seen in humans
with these disorders, and are potentially treatable.

Thus, risk genes for neurodevelopmental disorders, both schizo-
phrenia and autism, affect TRN function and spindle expression suggest-
ing the possibility of a pathogenic role (Andrade et al., 2016; Astori et al.,
2011; Krol et al., 2018; Wells et al., 2016). During gestation, axons that
connect the cortex and the thalamus pass through the TRN, which
helps guide them to their terminations (Mitrofanis and Guillery,
1993). As early as the first postnatal week in rodents, spindle bursts, a
precursor to adult sleep spindles that are similar in shape, frequency
and origin (Lindemann et al., 2016), refine these reciprocal
thalamocortical connections (Cirelli and Tononi, 2015; Evrard and
Ropert, 2009; Pinault, 2011). These findings suggest mechanisms by
which risk genes that affect the TRN early in neurodevelopment could
disrupt the establishment of thalamocortical circuitry and contribute
to vulnerability to neurodevelopmental disorders. This is congruent
with converging evidence that implicates abnormal communication of
the thalamus with the cortex in the pathophysiology of schizophrenia.
This evidence includes abnormally increased thalamocortical functional
connectivity with sensory and motor cortices (Anticevic et al., 2015),
which correlates with spindle deficits suggesting TRN dysfunction as a
plausible a common mechanism (Baran et al., 2019). While causal ex-
periments are needed to examine the effects of perturbing migration
and synaptic refinement on the establishment of thalamocortical cir-
cuitry, onemight speculate that if genetically-mediated TRN abnormal-
ities, by disrupting the development of this circuitry, set the stage for
schizophrenia, then normalizing circuit function is a goal for preventa-
tive therapy.

7. Canwe increase spindles and preserve coordinated network activ-
ity through noninvasive brain stimulation during sleep?

Based on a single published study (Demanuele et al., 2017) and the
findings of our recent clinical trial, the timing of spindle-SO coupling ap-
pears to be intact in schizophrenia. There is no information about
whether hippocampal SWRs and their coupling with spindles and SOs
are also intact, although mouse models of schizophrenia show reduced
coordination of spindles with SOs and ripples (Phillips et al., 2012) as
well as impairments in hippocampal ripple-associated memory replay
(Suh et al., 2013). As illustrated by our eszopiclone studies, some
drugs that increase spindles may disrupt spindle-SO timing, suppress
hippocampal SWRs and, consequently, fail to improve sleep-
dependent memory consolidation. Other drugs that enhance spindles,
such as zolpidem, may also enhance their coupling with SOs and im-
prove memory (Niknazar et al., 2015). The advent of noninvasive
brain stimulation as a treatment modality in psychiatry (for review
see, Philip et al., 2017) offers novel alternative approaches tomodify os-
cillatory dynamics during sleep to improve memory consolidation.

Electrical stimulation during NREM sleep, primarily transcranial di-
rect current stimulation (tDCS) and transcranial alternating current
stimulation (tACS), have been used to enhance sleep-dependent
sleep oscillations to improvememory in schizophrenia, Schizophrenia
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Fig. 3. Example of a closed-loop auditory stimulation paradigmand pilot data from a single
subject. Closed-loop auditory stimulation during slow oscillation upstates increased
spindle density. EEG trace at Fz was filtered in the sigma (12–15 Hz) and slow wave
(0.5–4 Hz) bands and time-locked to the auditory stimulus. Slow oscillations were
detected at Fz in real-time. The auditory stimulus (a 50 ms burst of pink noise) was
delivered during the slow oscillation upstate (red vertical line). The light blue line
indicates a detected spindle peak. The grey shading indicates the time window after
sham/stimulation over which the probability of evoking a spindle was calculated. (Inset)
Probability of evoking a spindle following stimulation/sham.
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memory consolidation. These methods deliver low levels of current
through scalp electrodes. (For a technical review, see Woods et al.,
2016). Compared with sham stimulation, electrical stimulation applied
at SO frequency improves sleep-dependent declarativememory consol-
idation in some studies (Ladenbauer et al., 2016; Ladenbauer et al.,
2017; Marshall et al., 2006; Marshall et al., 2004; Westerberg et al.,
2015) but not others (Bueno-Lopez et al., 2019; Eggert et al., 2013;
Passmann et al., 2016; Sahlem et al., 2015). Disrupting SOs using theta
frequency stimulation (Marshall et al., 2011) or cross-hemispheric stim-
ulation at SO frequency (Garside et al., 2015) impairs declarative mem-
ory. Studies that have used phase-amplitude coupling (PAC) to examine
the effects of stimulation on the temporal coordination of spindles with
SOs have found increased PAC to be associated with improved declara-
tivememory (Ketz et al., 2018; Ladenbauer et al., 2017), consistentwith
a pharmacological study showing that increasing spindle-SO PAC with
zolpidem improves declarative memory (Niknazar et al., 2015). A
meta-analysis of electrical stimulation during sleep reported that it
can modulate (improve or disrupt) sleep-dependent declarative mem-
ory but has no significant effect on procedural memory (Barham et al.,
2016). In contrast, stimulation at spindle frequency (12 Hz), time-
locked to spindle detection, improved motor procedural memory, but
not declarative memory (Lustenberger et al., 2016). These studies are
consistent with a growing literature in suggesting that different sleep
stages and oscillationsmediate the consolidation of declarative and pro-
cedural memory and that spindle-SO coordination is an important
ingredient.

At present, it is difficult to identify the optimal electrical stimulation
parameters formodulating oscillations and improvingmemory by com-
paring studies since themethods vary in important ways. These include
sample composition (e.g., young or elderly adults individuals with mild
cognitive impairment); whether stimulation occurred during a daytime
nap or nocturnal sleep; the length, frequency and location of stimula-
tion; the memory task employed; and whether the stimulation was
open or closed-loop (i.e., time-locked to the detection of an endogenous
oscillation). These differences likely contribute to heterogeneous out-
comes. In addition, precisely how transcranial electrical stimulation
modulates sleep oscillations is unknown. An impediment to a mecha-
nistic understanding is that the large EEG artifacts produced by electri-
cal stimulation obscure its effects on brain oscillations both during
stimulation and immediately after. A study that bypassed this problem
by using intracranial EEG to measure oscillations during electrical stim-
ulation on the scalp found that stimulation at SO frequency during sleep
did not reliably increase spindle-SO PAC (Lafon et al., 2017). This con-
trasts with PAC findings from scalp EEG (Ketz et al., 2018; Ladenbauer
et al., 2017). The authors attributed the null finding to an attenuation
of the electrical field reaching the cortical surface (Lafon et al., 2017).
In contrast, in the same participants, auditory stimulation, consisting
of short bursts of noise played during NREM sleep, evoked SOs and in-
creased spindle-SO PAC.

Auditory stimulation during sleep has also been employed to im-
provememory. Thismethod has the advantages of evoking endogenous
oscillations and allowing recording during stimulation (Fig. 3 shows an
example paradigm). Compared with sham stimulation, in multiple
studies, closed-loop auditory stimulation during SO upstateswas associ-
ated with increased SO and fast-sigma power during SO upstates and
improved sleep-dependent declarative memory consolidation
(Leminen et al., 2017; Ngo et al., 2013; Ong et al., 2016; Ong et al.,
2018; Papalambros et al., 2017; Papalambros et al., 2019). Auditory
stimulation evoked SOs (Papalambros et al., 2019) and fast-sigma
power (Ngo et al., 2013) correlated with improved memory perfor-
mance. Both the memory and physiological effects of auditory stimula-
tion were relatively robust to methodological differences including
sample composition and timing of sleep (overnight vs. daytime nap),
but the timing of stimulationmattered. Open-loop stimulation, stimula-
tion during the SO downstate and stimulation at spindle frequency did
not increase spindle activity or improve memory consolidation (Ngo
Please cite this article as: D.S.Manoach, D.Mylonas and B. Baxter, Targeting
Research, https://doi.org/10.1016/j.schres.2020.01.010
et al., 2013; Ngo et al., 2019; Weigenand et al., 2016). How upstate au-
ditory stimulation leads to SO and spindle enhancement is an open
question (for a working hypothesis see, Bellesi et al., 2014), but K-
complexes, a form of slow oscillation, can be elicited by noise (Loomis
et al., 1938) and spindles often coincide with K-complexes (Kokkinos
and Kostopoulos, 2011) and are thought to gate sensory input to pre-
vent arousals (Dang-Vu et al., 2010).

Collectively, these studies demonstrate the potential of noninvasive
brain stimulation to modulate sleep oscillations and improve memory
in clinical and nonclinical populations. The burgeoning research on
these approachesmay identify the optimalmethods for targeting differ-
ent types of sleep-dependent memory consolidation and allow inter-
ventions to be tailored to particular populations. Each method has
advantages and disadvantages. Electrical stimulation allows targeted
neuromodulation of specific cortical regions. While presently limited
to the superficial structures, newer methods may allow the targeting
of deeper structures such as the hippocampus (Grossman et al., 2017).
Safety concerns, however, limit the application of electrical stimulation
to a fraction of the entire sleep period. Auditory stimulation, while not
focal, has fewer safety concerns and evokes endogenous oscillations.
While both electrical and auditory stimulation have shown promising
results in individuals with mild cognitive impairment (Ladenbauer
et al., 2017; Papalambros et al., 2019), resulting in increased SOs and a
correlated improvement in sleep-dependent declarative memory con-
solidation, their mechanisms are unclear and they have seldom been
employed in other clinical populations. The relative ease of use, scalabil-
ity, accessibility and relative safety of these brain stimulation methods
should motivate further study. One can imagine a near future in which
these interventions are implemented in the home using commercially
available devices.

8. Conclusions

The evidence reviewed above indicates that (i) individuals with
schizophrenia and their first-degree relatives have sleep spindle defi-
cits, (ii) spindle deficits are associated with impaired memory consoli-
dation, (iii) spindles are initiated in the TRN and need to be precisely
temporally coordinated with cortical SOs and hippocampal SWRs to
support memory consolidation during sleep, (iv) these oscillations are
traits that can be manipulated by drugs and noninvasive brain stimula-
tion techniques to enhancememory, (v) genetic studies are implicating
specific pathophysiologic mechanisms of spindle deficits, and
sleep oscillations to improvememory in schizophrenia, Schizophrenia

https://doi.org/10.1016/j.schres.2020.01.010


6 D.S. Manoach et al. / Schizophrenia Research xxx (xxxx) xxx
identifying additional novel targets and treatments, (vi) To translate
these advances, we urgently need efficient methods to identify the
most promising interventions for use in clinical trials to treat sleep-
dependent cognitive deficits in schizophrenia, and this will require
complementary animal and human studies, (vii) effective therapies
will need to preserve or enhance sleep oscillatory dynamics and restore
function at the network level. In summary, cross-disciplinary research
can foster a more complete understanding of the role of sleep oscilla-
tions in cognition, can identify pathophysiological targets for treatment
of cognitive deficits and can select themost promising interventions for
clinical trials.
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