Does Abnormal Sleep Impair Memory
Consolidation in Schizophrenia?
The Harvard community has made this
article openly available. Please share how
this access benefits you. Your story matters
Citation

Manoach, Dara S. 2009. “Does Abnormal Sleep Impair Memory
Consolidation in Schizophrenia?” Frontiers in Human Neuroscience
3. doi:10.3389/neuro.09.021.2009.

Citable link

http://nrs.harvard.edu/urn-3:HUL.InstRepos:41543116

Terms of Use

This article was downloaded from Harvard University’s DASH
repository, and is made available under the terms and conditions
applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-ofuse#LAA

REVIEW ARTICLE
published: 01 September 2009
doi: 10.3389/neuro.09.021.2009

HUMAN NEUROSCIENCE

Does abnormal sleep impair memory consolidation
in schizophrenia?
Dara S. Manoach 1,2,3* and Robert Stickgold 3,4
1
2
3
4

Department of Psychiatry, Massachusetts General Hospital, Charlestown, MA, USA
Athinoula A. Martinos Center for Biomedical Imaging, Charlestown, MA, USA
Harvard Medical School, Boston, MA, USA
Department of Psychiatry, Beth Israel Deaconess Medical Center, Boston, MA, USA

Edited by:
Kenneth Hugdahl,
University of Bergen, Norway
Reviewed by:
Janne Grønli,
University of Bergen, Norway
Kenneth Hugdahl, University of
Bergen, Norway
*Correspondence:
Dara S. Manoach, Psychiatric
Neuroimaging, Massachusetts General
Hospital, Charlestown Navy Yard, 149
13th Street, Room 2608, Charlestown,
MA 02129, USA.
e-mail: dara@nmr.mgh.harvard.edu

Although disturbed sleep is a prominent feature of schizophrenia, its relation to the pathophysiology,
signs, and symptoms of schizophrenia remains poorly understood. Sleep disturbances are well
known to impair cognition in healthy individuals. Yet, in spite of its ubiquity in schizophrenia,
abnormal sleep has generally been overlooked as a potential contributor to cognitive deficits.
Amelioration of cognitive deficits is a current priority of the schizophrenia research community,
but most efforts to define, characterize, and quantify cognitive deficits focus on cross-sectional
measures. While this approach provides a valid snapshot of function, there is now overwhelming
evidence that critical aspects of learning and memory consolidation happen offline, both over
time and with sleep. Initial memory encoding is followed by a prolonged period of consolidation,
integration, and reorganization, that continues over days or even years. Much of this evolution
of memories is mediated by sleep. This article briefly reviews (i) what is known about abnormal
sleep in schizophrenia, (ii) sleep-dependent memory consolidation in healthy individuals, (iii) recent
findings of impaired sleep-dependent memory consolidation in schizophrenia, and (iv) implications
of impaired sleep-dependent memory consolidation in schizophrenia. This literature suggests
that abnormal sleep in schizophrenia disrupts attention and impairs sleep-dependent memory
consolidation and task automation. We conclude that these sleep-dependent impairments
may contribute substantially to generalized cognitive deficits in schizophrenia. Understanding
this contribution may open new avenues to ameliorating cognitive dysfunction and thereby
improve outcome in schizophrenia.
Keywords: sleep, schizophrenia, procedural learning, motor skill, memory consolidation, cognition, slow wave sleep,
sleep spindles

INTRODUCTION
Sleep disorders are a prominent feature of many neuropsychiatric
disorders. While often viewed as secondary, as these disorders may
themselves diminish sleep quality (Benca, 1996), sleep deprivation can precipitate psychosis (Tyler, 1955; Wright, 1993, but see,
Kahn-Greene et al., 2007), and there is growing evidence that sleep
disorders can trigger or aggravate a range of psychiatric conditions
(Wehr et al., 1987; Ford and Kamerow, 1989; Breslau et al., 1996;
Turek, 2005; Huang et al., 2007; Germain et al., 2008; Sateia, 2009).
Schizophrenia is no exception. Sleep disturbances in schizophrenia
have been described since Kraepelin (1919) and are associated
with poorer coping skills and diminished quality of life (Goldman
et al., 1996; Hofstetter et al., 2005). Subjective sleep disturbance
is a common complaint throughout the course of schizophrenia
(Lieberman et al., 2005), including in the prodrome (Miller et al.,
2003). It is anecdotally associated with the initial onset of psychosis, and may serve as a predictor of psychotic decompensation in
remitted patients (Benson, 2006). The presence of sleep disturbance in antipsychotic-naïve and unmedicated patients indicates
that abnormal sleep is not merely a side-effect of medications, but
instead may be a core feature of schizophrenia (for meta-analysis
see Chouinard et al., 2004). In fact, antipsychotic medications
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often normalize sleep in schizophrenia (Krystal et al., 2008), and
medication withdrawal has been associated with a progressive
deterioration of sleep quality (Nofzinger et al., 1993), which, in
turn, is associated with psychotic relapse (Dencker et al., 1986)
and increased severity of positive symptoms (Chemerinski et al.,
2002). Although disturbed sleep is a prominent feature of schizophrenia, the nature of the abnormality and its relations to the
pathophysiology, signs, and symptoms of schizophrenia remain
poorly understood.
Sleep deprivation is well-known to impair cognition and to
alter associated patterns of brain activation in healthy individuals
(Horne, 1993; Van Dongen et al., 2003; Chee and Chuah, 2008). Yet,
in spite of its ubiquity in schizophrenia, disturbed sleep has been
largely overlooked as a potential contributor to cognitive deficits.
While there is a general tendency to regard disturbed sleep as secondary to the illness, this neglect may be exacerbated by difficulty
specifying the exact nature of the disturbance, and from a lack of
awareness of the critical role of sleep in cognition. In addition,
although the sleep disturbance in schizophrenia is often sufficiently
severe as to warrant independent clinical attention, it is seldom
the primary complaint, and its potential contribution to cognitive
deficits is unlikely to be considered.

www.frontiersin.org

September 2009 | Volume 3 | Article 21 | 1

Manoach and Stickgold

Sleep and memory in schizophrenia

While cognitive deficits remain the strongest predictor of functional outcome in schizophrenia (Green et al., 2000), available antipsychotic medications are relatively ineffective in treating them (c.f.,
Sergi et al., 2007). Amelioration of cognitive deficits is a current
priority of the schizophrenia research community, including government, academia, and industry, and is the focus of large-scale studies
aimed at defining, characterizing, and quantifying these deficits for
the purpose of evaluating the efficacy of interventions (e.g., Marder
et al., 2004; Buchanan et al., 2007). A limitation of many of these
efforts is that cognition is measured in cross-section. While this
approach provides a valid snapshot of function, it does not capture
critical aspects of learning and memory consolidation that happen offline, both over time and with sleep (e.g., Karni et al., 1998;
Stickgold, 2005; Born et al., 2006; Brown and Robertson, 2007). Yet
existing evidence, reviewed below, suggests that sleep-dependent
processes are impaired in schizophrenia, and may contribute substantially to disability. We believe that understanding this contribution can open new and promising avenues for treatment.
There is now overwhelming evidence that initial memory
encoding is followed by a prolonged period of consolidation, integration, and reorganization, that continues over days or even years
(Schacter and Tulving, 1994). Much of this evolution of memories
is mediated by sleep (Stickgold and Walker, 2007). It thus becomes
important, when examining memory in schizophrenia, or in any
neuropsychiatric disorder, to investigate deficits not only in initial
encoding and recall, but also in time- and sleep-dependent memory processes. Even in cross-sectional measures of cognition, sleep
should be considered as an important contributor to attention
deficits that can blunt cognitive performance across domains, and
are the most frequent and obvious casualty of poor sleep in healthy
individuals. In this article, we will briefly review (i) what is known
about abnormal sleep in schizophrenia, (ii) sleep-dependent memory consolidation in healthy individuals, (iii) recent findings of
impaired sleep-dependent memory consolidation in schizophrenia, and (iv) implications of impaired sleep-dependent memory
consolidation in schizophrenia. We conclude that abnormal sleep
may contribute substantially to cognitive deficits in schizophrenia
and should be a focus of study.

WHAT IS KNOWN ABOUT ABNORMAL SLEEP
IN SCHIZOPHRENIA?
The most common subjective sleep complaints in schizophrenia are
difficulty initiating and maintaining sleep (Chouinard et al., 2004;
Benson, 2008; Cohrs, 2008). These complaints of insomnia have
been verified by polysomnographic (PSG) recordings that show
reduced sleep efficiency (total sleep time divided by time in bed),
increased sleep onset latencies, and increased wake time after sleep
onset (WASO), including in unmedicated and drug naïve patients
(for meta-analyses see, Benca et al., 1992; Tandon et al., 1992; Lauer
et al., 1997; Keshavan et al., 1998; Chouinard et al., 2004; Yang and
Winkelman, 2006). Some studies also report alterations in circadian
rhythms of hormone and activity patterns in schizophrenia (Rao
et al., 1994; Martin et al., 2005) and increased rates of sleep disorders including sleep-related breathing disorders (e.g., obstructive
sleep apnea), hypersomnolence, movement disorders (e.g., restless
leg syndrome, periodic limb movement disorder), and parasomnias
(for reviews see, Benson, 2006, 2008; Sateia, 2009).
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PSG studies also report diverse abnormalities of sleep architecture (i.e., the amount and distribution of time spent in different
sleep stages). Normal sleep in adult humans is divided into periods
of rapid eye movement (REM) and non-rapid eye movement
(NREM) sleep, with NREM sleep further divided into Stages 1–4
(Figure 1) (Rechtschaffen and Kales, 1968). Stages 3 and 4 are characterized by large (>75 µV) delta (0.5–2 Hz) waves in the EEG, and
together constitute “slow wave sleep” (SWS). (This nomenclature
has recently changed, and NREM Stages 3 and 4 are now combined
into one stage (Iber et al., 2007), but we defer to the older nomenclature, as it is used in all the literature reviewed here.) A typical
night of sleep is made up of 4–5 REM cycles, each beginning with
NREM sleep and ending with REM sleep, and lasting approximately
90 min. While the cycle time is relatively constant across the night,
most of the SWS occurs in the first half of the night, and most REM
sleep occurs in the last half (Figure 1).
The most consistent electrophysiological sleep abnormality reported in schizophrenia is a decrease in the amount of
SWS (Keshavan et al., 1990). Reductions have been reported in
antipsychotic-naïve (Jus et al., 1968; Feinberg et al., 1969; Poulin
et al., 2003), unmedicated (Keshavan et al., 1998; Yang and
Winkelman, 2006), medicated (Goder et al., 2004), and remitted
patients (Kupfer et al., 1970; Traub, 1972). Reduced SWS has also
been observed in non-psychotic first-degree relatives of individuals
with schizophrenia, suggesting that it is a trait associated with risk
for schizophrenia (Keshavan et al., 2004). SWS reductions, however,
are not consistently observed, even in antipsychotic-naïve patients
(Tandon et al., 1992; Lauer et al., 1997) and have not survived metaanalysis (Chouinard et al., 2004). Caldwell and Domino (1967)
reported that while 40% of patients showed almost a complete
elimination of stage 4 SWS, the remaining 60% showed normal levels, suggesting that the reduction may characterize only a subset of
patients. In addition, SWS changes are not specific to schizophrenia
and are seen in major depression and other psychiatric disorders
(Keshavan et al., 1990; Benca et al., 1992). Although abnormalities
in REM sleep have also been reported, usually a decrease in REM
latency (Tandon et al., 1992; Poulin et al., 2003) or an increase in
REM density (Yang and Winkelman, 2006), meta-analyses have not
revealed any systematic difference in REM sleep between patients
and healthy or psychiatric controls (Benca et al., 1992; Chouinard
et al., 2004). Both SWS and REM sleep abnormalities have been
related to increased symptom severity, a literature that has been
reviewed elsewhere (Benson, 2008).
Only a few studies have gone beyond sleep architecture to examine changes in the characteristics of the EEG power spectrum during
sleep in schizophrenia. Slow wave activity and sleep spindles are
Wake
I/REM
II
III
IV
11 PM

1 AM

3 AM

5 AM

7 AM

FIGURE 1 | A good night’s sleep. The normal progression of sleep stages
across a night of uninterrupted sleep. REM sleep is highlighted in red.
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particularly relevant here since slow wave activity has been correlated
with overnight improvement of motor procedural learning (Huber
et al., 2004) and accumulating evidence suggests that sleep spindles
mediate sleep-dependent consolidation of both procedural (Walker
et al., 2002; Fogel and Smith, 2006; Nishida and Walker, 2007; Peters
et al., 2008; Rasch et al., 2008; Tamaki et al., 2008) and declarative
(Clemens et al., 2005, 2006; Schabus et al., 2008) memory. Sleep
spindles, a defining characteristic of stage 2 sleep, are brief powerful
bursts of synchronous 12–15 Hz neuronal firing in thalamo-cortical
networks, which reach peak density late in the night (De Gennaro
et al., 2000). Spindles induce massive influxes of calcium ions into
cortical pyramidal cells, which are believed to trigger intracellular,
calcium-dependent mechanisms required for synaptic plasticity
(Sejnowski and Destexhe, 2000). In schizophrenia, there have been
reports of reduced slow wave activity (Hiatt et al., 1985; Keshavan
et al., 1998; Goder et al., 2006) during SWS. There have also been
mixed reports of changes in sleep spindles, including increased spindle counts (Hiatt et al., 1985), and both unchanged (Poulin et al.,
2003) and reduced (Ferrarelli et al., 2007) sleep spindle density.
All of the usual suspects contribute to difficulties in characterizing sleep in schizophrenia. These include differences in sample
size, demographic features, chronicity, and the definition and
measurement of sleep parameters. Discrepant findings may also
relate to the underlying pathophysiological and phenotypic heterogeneity of schizophrenia. Finally, by affecting neurotransmitter
systems that play an important role in sleep regulation, treatments
for schizophrenia, including antipsychotic, anticholinergic, and
anti-adrenergic medications, have diverse effects on sleep (Monti
and Monti, 2004; and for reviews see, Benson, 2008; Krystal et al.,
2008; Kantrowitz et al., 2009). Thus, factors such as medication
status (naive vs. unmedicated vs. medicated), duration, and type
all contribute to variability in sleep measurements. While, overall,
antipsychotic medications tend to improve measures of sleep maintenance and to normalize sleep architecture (e.g., Maixner et al.,
1998; Salin-Pascual et al., 1999), their effects on the sleep processes
that mediate memory consolidation are largely unknown.

SLEEP-DEPENDENT MEMORY PROCESSING IN
HEALTHY INDIVIDUALS
The last decade has produced a wealth of evidence for the role
of sleep in the offline processing of recent memories, describing
sleep-dependent events at the molecular, cellular, neural network,
regional brain activation, and behavioral levels, in birds (Dave et al.,
1998), rodents (Wilson and McNaughton, 1994), cats (Frank et al.,
2001), and humans (Stickgold and Walker, 2007). This evidence
suggests an evolutionarily conserved function for sleep in the stabilization, enhancement, integration, and reorganization of a wide
range of memory types, functions that we will collectively refer
to as ‘consolidation.’ Most relevant to this review are the findings
from human studies.
PERCEPTUAL AND MOTOR PROCEDURAL LEARNING

Procedural or skill learning is a category of non-declarative memory for how to perform various perceptual and motor tasks. Many
visual (Stickgold et al., 2000), auditory (Gaab et al., 2004), motor
sequence (Walker et al., 2002), and motor adaptation (Huber et al.,
2004) tasks show improvements in performance after a night of
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sleep, but not after an equivalent period of daytime wake. Because
there is an absolute improvement after sleep, the benefit cannot be
simply ascribed to a passive protection against interference, or even
to an active stabilization of the memories, as has been suggested
for other types of learning. Rather, we and others have proposed
that sleep gives rise to performance improvements that are either
caused by or accompanied by systems level reorganizations of the
initial memories that facilitate task automation (Atienza et al., 2004;
Kuriyama et al., 2004; Fischer et al., 2005; Chee and Chuah, 2008).
In this context, automation refers to a shift from controlled, effortful performance to performance that proceeds more efficiently (i.e.,
is faster, less variable, less vulnerable to interference, and has fewer
errors), with reduced demands on attention (Shiffrin and Schneider,
1977) and a corresponding shift in the brain networks that support
performance (Jueptner and Weiller, 1998). While automation is
known to develop with practice, there is now direct evidence that
automation can also develop with sleep.
Overnight improvement on a procedural visual discrimination
task correlates with SWS early in the night and REM sleep late in
the night (Stickgold et al., 2000), with SWS appearing to stabilize
the original memory and REM sleep subsequently enhancing it
(Mednick et al., 2003). In contrast, improvement on a procedural
motor sequence tasks correlates with Stage 2 NREM sleep late
in the night (Walker et al., 2002). In this case, improvement is
characterized by faster, more accurate and more uniform transitions within the sequence, suggesting automation of the motor
program (Kuriyama et al., 2004; Fischer et al., 2005). These skill
enhancements are accompanied by changes in task-related brain
activation patterns, including reduced activation in regions such
as prefrontal cortex that mediate the conscious monitoring of performance (Fischer et al., 2005; Walker et al., 2005). Evidence for
sleep-dependent automation is also found in a study of auditory
learning in which participants learned to detect a deviant tone
in a complex tone sequence (Atienza et al., 2004), although sleep
stage correlates of this automation were not determined. Sleepdependent changes in the ‘mismatch negativity’ (MMN) and P3a
event-related potentials generated by deviant tones suggest that
sleep reduced the voluntary attentional effort required for successful stimulus discrimination.
VERBAL MEMORY

Verbal declarative memory also benefits from post-training sleep.
Performance on a word-pairs cued recall task has consistently been
found to be better after a night of sleep than after an equal period
of daytime wake (Plihal and Born, 1997; Ellenbogen et al., 2009),
and to show greater resistance to subsequent interference after sleep
(Ellenbogen et al., 2006, 2009). At least some of these benefits correlate with times of night rich in SWS (Plihal and Born, 1997). Sleep
also facilitates the selective retention of gist memory for word lists,
resulting the next morning in a less accurate, but arguably more
useful abstract memory, with enhanced gist and reduced detail
(Payne et al., 2006). Interestingly, when gist is enhanced, improved
memory recall correlates with decreases in SWS.
EMOTIONAL MEMORY

Declarative memory for emotional words and pictures is also
enhanced by sleep. When individuals studied pictures with
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either neutral or aversive objects placed on neutral backgrounds,
subsequent recognition of the aversive objects, relative to their
backgrounds, was enhanced after sleep compared to wake (Payne
et al., 2008). In contrast, sleep offered no benefit for memory of
neutral objects or their backgrounds. Thus, sleep seems to unbind
complex scenes and selectively enhance memory for the emotional
components.
COMPLEX COGNITIVE PROCEDURAL LEARNING

In addition to benefiting simple procedural and declarative memories, sleep can also produce striking benefits for more complex
forms of learning, such as rule extraction and insight. Using the
remote associates task (Mednick, 1962), Cai et al. (2009) reported
that napping facilitates discovery of the target word that links three
otherwise unrelated words together (e.g., “heart”, “sixteen”, and
“cookie” are linked by the word “sweet”), a benefit that correlates
with the amount of REM sleep obtained after initial exposure to
the word triads. Similarly, Wagner et al. (2004) have shown than
sleep enhances insight into a more efficient method of solving a
class of mathematical problems. In these and other instances (e.g.,
Ellenbogen et al., 2007), sleep facilitates the identification of associations and commonalities that are less easily discovered during
wake. Interestingly, in some cases this identification leads to subsequent conscious awareness of the new information (e.g., Wagner
et al., 2004; Cai et al., 2009), while in other cases improved performance develops without any conscious awareness (e.g., Djonlagic
et al., 2005; Ellenbogen et al., 2007).
Looking across memory paradigms, it appear likely that individual sleep stages correlate not with types of memory, but rather
with stages in the “consolidation” process. Overall, SWS appears to
correlate with stabilization of memories, possibly through synaptic
level processes that reinforce the memory in the form in which it
was originally encoded. In contrast, REM sleep, and possibly Stage 2
NREM, appear to lead to systems level reorganization of memories,
resulting in their enhancement, automation, and integration into
larger associative networks.

IMPAIRED SLEEP-DEPENDENT MEMORY CONSOLIDATION
IN SCHIZOPHRENIA
There are still relatively few investigations of the role of sleep in cognition in schizophrenia. One line of research suggests that impaired
sleep exacerbates attention deficits. An early study showed that
among unmedicated chronic schizophrenia patients (n = 10), those
who made more errors of omission on a continuous performance
test had significantly less SWS (Orzack et al., 1977). Similarly, Forest
et al. (2007) reported that increased reaction time on tests of attention in antipsychotic-naïve patients with schizophrenia (n = 8) and
healthy controls (n = 8) correlated with decreased sleep spindle
density in both groups, and with Stage 4 SWS sleep duration only in
schizophrenia. Finally, in a sample of chronic patients who had been
withdrawn from their medications (n = 15), Yang and Winkelman
(2006) clinical ratings of cognitive symptoms correlated with both
decreased SWS and decreased REM density.
A second line of research suggests that impaired sleep in
schizophrenia also leads to deficits in sleep-dependent memory
consolidation and automation. In medicated schizophrenia patients
(n = 17), reductions in SWS and sleep efficiency correlated with
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reduced recall of the Rey-Osterrieth Complex Figure, a test of
visuospatial memory, following a night of sleep (Goder et al.,
2004). In an exploratory study, Goder et al. (2006) found that slow
wave activity in NREM sleep positively correlated with both better
performance and overnight improvement on a range of neuropsychological measures in healthy controls. In contrast, medicated
schizophrenia patients (n = 16), who showed reduced slow wave
activity, showed relatively few significant correlations with slow wave
activity, and these were evenly split between positive and negative
correlations. In a recent study of chronic patients taking amisulpride
(n = 26), Goder et al. (2008) reported that patients with more SWS
had better recognition memory for words that were learned prior
to sleep, as did those with a higher sleep spindle density.
Further evidence of impaired sleep-dependent memory consolidation in schizophrenia comes from two studies of procedural
memory, one behavioral (Manoach et al., 2004) and one that
included a night of PSG recording (Manoach et al., 2009), which
used a finger tapping motor sequence task (MST, Karni et al.,
1998) with chronic medicated patients with schizophrenia (Study
1: n = 20; Study 2: n = 14). In spite of intact practice-dependent
learning during training, neither study found evidence of the subsequent sleep-dependent improvement in performance that was
seen in healthy controls (Figure 2). The absence of significant overnight improvement in patients in the second study (Manoach et al.,
2009) occurred in the context of no differences from controls in
the amounts or distribution of time spent in specific sleep stages,
or in any index of awakenings.
In healthy young adults, overnight improvement on the MST
and other simple procedural motor skill tasks correlates with the
amount of stage 2 NREM sleep in the last quarter of the night (S2q4,
Smith and MacNeill, 1994; Walker et al., 2002; Fogel et al., 2007).
MST improvement also correlates with the number and density
of fast spindles (Rasch et al., 2008) as well as with an asymmetry
of spindle density and power at central electrodes (right C4 > left
C3), which may reflect selective changes in the right motor cortex
related to learning since it was the left hand that performed the task
(C4–C3, Nishida and Walker, 2007). In this context, it is striking
that, compared to healthy controls, schizophrenia patients showed a
significant 45% reduction in fast sigma frequency power, and 43%
reduction in spindle density, at C4 during S2q4 sleep following
MST training (Manoach et al., 2009).
Although patients with schizophrenia did not show significant
overnight improvement as a group, there was considerable variability in the amount of improvement, which correlated with the
amount of time spent in specific sleep stages (Manoach et al., 2009).
As in young healthy individuals (Walker et al., 2002), time spent in
S2q4 sleep predicted overnight improvement (Figure 3A), but so
did SWS duration (Figure 3B), an effect not previously seen with
the MST. When the product of SWS and S2q4 sleep was added to
a regression model, their individual contributions were no longer
significant, and only their product was, accounting for 77% of the
variance in overnight improvement in schizophrenia (Figure 3C).
This suggests that both SWS and S2q4 sleep are necessary for consolidation and is consistent with a two-stage model of procedural
memory consolidation (Stickgold et al., 2000).
In a prior study of healthy individuals, overnight improvement
on a visuoperceptual procedural learning task correlated with both
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FIGURE 2 | Motor skill learning across training and test trials of the motor
sequence task (MST) for healthy control participants (n = 14, open squares)
and schizophrenia patients (n = 20, closed triangles) from Manoach et al.
(2004). The data point for each trial represents the group average. The y-axes
represent the number of correct sequences typed in each 30-s epoch. Note that
the y-axes are scaled separately for controls (left) and patients (right) to better

illustrate the qualitative 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 shaded bar represents the passage of 24 h, 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.

FIGURE 3 | Correlation of overnight improvement with minutes spent in slow wave sleep (SWS) and stage 2 sleep in the last quartile of the night (S2q4)
in schizophrenia patients. (A) Correlation with S2q4 sleep; (B) Correlation with SWS; (C) Correlation with the product of SWS and S2q4 sleep (SWS x S2q4).

SWS early in the night and REM sleep in the last quarter, but even
more strongly with their product (Stickgold et al., 2000). A subsequent study of naps showed that while naps containing SWS prevented deterioration in visuoperceptual performance over the day,
naps with both SWS and REM sleep led to same-day improvement
(Mednick et al., 2002). These findings suggest that SWS, which
is predominant early in the night, stabilizes visuoperceptual procedural memory, while REM sleep later in the night enhances it.
A similar model fits our motor procedural memory consolidation
findings in schizophrenia (Manoach et al., 2009). While both SWS
and S2q4 sleep correlated with improvement measured at the start
of the test session, when this initial improvement was broken into
its component parts, a striking double dissociation was seen. SWS
appeared to prevent the delayed expression of improvement, which
characterizes MST performance in healthy middle-aged (Manoach
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et al., 2004) and elderly participants (McKinley, 2008), while S2q4
sleep appeared to facilitate the sleep-dependent enhancement seen
after this delay.
These findings provide direct evidence of a deficit in sleepdependent memory consolidation in medicated patients with
chronic schizophrenia. That this deficit occurred in the context of
normal sleep architecture suggests that it is not the amount or distribution of time spent in different sleep stages that is culpable, but
rather specific memory consolidation processes that are normally
activated during sleep (Manoach et al., 2004), particularly processes
occurring during SWS and S2q4 sleep. An important caveat is that
the samples in these two studies were too small and the medications,
which were clinically determined, were too diverse to adequately
evaluate medication effects. Although antipsychotic dose, as measured by chlorpromazine equivalent, was not correlated with any
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measure of overnight improvement, a study of medication-naïve
patients would be required to determine the extent to which deficits in sleep-dependent memory consolidation reflect medication
side-effects versus a disease process.

IMPLICATIONS OF IMPAIRED SLEEP-DEPENDENT MEMORY
CONSOLIDATION IN SCHIZOPHRENIA
Sleep facilitates a wide range of processes that mediate the evolution of memories over time. These sleep-dependent processes aid
in the stabilization, strengthening, integration, and reorganization
of memories to increase their durability, flexibility, and automation. If all sleep-dependent memory processing were lacking, we
suspect that this would impair not only the fine-tuning of complex
skills and memories, but would also lead to profound difficulties
in carrying out the basic activities of daily life.
There are still very few studies of the role of sleep in the cognitive
deficits of schizophrenia. These early studies have small samples
and many simply correlate sleep measurements with cross-sectional
measures of neuropsychological performance, suggesting that sleep
affects cognitive performance, primarily attention, in schizophrenia,
as it does in healthy individuals. The few studies that evaluated the
role of sleep in memory consolidation by comparing performance
prior to and following a night of sleep have documented reduced
overnight improvement in patients as a group, even in the context
of comparable sleep architecture. Unfortunately, these studies have
only included medicated patients. But regardless of the underlying
mechanisms and whether they reflect treatment or disease process,
findings of impaired sleep-dependent memory consolidation have
important implications for understanding and treating cognitive
dysfunction in schizophrenia.
We propose that the observed failures of sleep-dependent
memory consolidation represent a breakdown, not in the overall
structure of sleep, but rather in specific memory consolidation
processes that are normally activated during sleep. These sleepdependent memory processes normally lead to task automation,
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