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Abstract

Sleep disturbances have been reliably reported in patients with schizophrenia, thus suggesting that
abnormal sleep may represent a core feature of this disorder. Traditional electroencephalographic
studies investigating sleep architecture have found reduced deep Non-Rapid Eye Movement
(NREM) sleep, or slow wave sleep (SWS), and increased REM density. However, these findings
have been inconsistently observed, and have not survived meta-analysis. By contrast, several
recent EEG studies exploring brain activity during sleep have established marked deficits in sleep
spindles in schizophrenia, including first-episode and early—onset patients, compared to both
healthy and psychiatric comparison subjects. Spindles are waxing and waning, 12-16 Hz NREM
sleep oscillations that are generated within the thalamus by the thalamic reticular nucleus (TRN),
and are then synchronized and sustained in the cortex. While the functional role of sleep spindles
still needs to be fully established, increasing evidence has shown that sleep spindles are implicated
in learning and memory, including sleep dependent memory consolidation, and spindle parameters
have been associated to general cognitive ability and 1Q. In this article we will review the EEG
studies demonstrating sleep spindle deficits in patients with schizophrenia, and show that spindle
deficits can predict their reduced cognitive performance. We will then present data indicating that
spindle impairments point to a TRN-MD thalamus-prefrontal cortex circuit deficit, and discuss
about the possible molecular mechanisms underlying thalamo-cortical sleep spindle abnormalities
in schizophrenia.
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Introduction

Sleep disturbances have been consistently observed in psychotic disorders, and especially in
schizophrenia, since their first clinical description(Bleuler, 1950), and recent evidence
indicates that sleep dysfunction contribute to psychotic symptoms, including delusions and
hallucinations(Reeve et al., 2015). Sleep is also a fruitful approach to investigate the
neurobiology of schizophrenia, given that abnormal brain connectivity and plasticity are
core pathological features of the disorder(Stephan et al., 2009), which can be observed in the
sleep electroencephalogram (EEG)(Sprecher et al., 2015). EEG activity during sleep in
largely unaffected by confounds frequently occurring during wakefulness in patients with
schizophrenia, including fluctuation in the level of arousal, attention, and motivation.
Furthermore, the two main Non-Rapid Eye Movement (NREM) sleep oscillations, slow
waves and spindles, reflect the activity of distinct, complementary circuits within the
thalamo-cortical system. Specifically, slow waves are characterized by large amplitude,
positive-negative 1 Hz EEG oscillations, which are initiated by cortical neurons and
propagated by cortico-cortical and cortico-thalamo-cortical connections(Steriade, 2006),
whereas sleep spindles are waxing/waning, 12—-16 Hz oscillations, which are generated by
the interplay of the thalamic reticular nucleus (TRN) with other thalamic nuclei, and then
sustained and relayed to the cortex by thalamo-thalamic and thalamo-cortical
loops(Huguenard and McCormick, 2007).

While the role of slow wave in learning and memory is well established (for a review, see
(Huber and Born, 2014), there is increasing evidence suggesting that sleep spindles are
implicated in memory consolidation and plasticity(Molle and Born, 2011), and can be
considered a proxy measure for the individual's learning potential(Fogel and Smith, 2011).
For example, both animals and humans studies have shown an increase in spindle density
and/or activity during non-REM sleep after learning (Eschenko et al., 2006; Gais et al.,
2002; Morin et al., 2008; Schabus et al., 2004). Enhanced spindle activity was observed after
acquisition of both declarative memory tasks and procedural motor skills, and in some
instances this enhancement correlated with the overnight improvement in task performance
(Clemens et al., 2005, 2006; Nishida and Walker, 2007; Tamaki et al., 2008). Furthermore,
this spindle activity increase was localized in cortical areas most strongly involved in the
prior learning of the task, including the prefrontal cortex after encoding of difficult word
pairs(Clemens et al., 2005; Schmidt et al., 2006), the parietal cortex after a visuospatial
task(Clemens et al., 2006) and the contra-lateral motor cortex following finger motor-skill
learning(Nishida and Walker, 2007).

In what follows we will review evidence of sleep disturbances in schizophrenia, with
particular emphasis on a number of recent studies showing marked sleep spindle deficits in
schizophrenia, including first-break and early onset patients, compared to both healthy and
psychiatric control subjects. These spindle deficits predict an impaired cognitive function in
patients with schizophrenia, and are associated with worse psychotic symptoms. The
neurobiology underlying sleep spindle impairments will also be discussed, and especially
the presence of a TRN-thalamus-prefrontal cortex circuitry deficit in schizophrenia. We will
then speculate on the molecular mechanisms implicated, which include GABA and NMDA
receptor dysfunction, and how clarifying these mechanisms may help predict conversion to
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psychosis in high-risk individuals as well offer novel molecular targets for patients with
schizophrenia.

Sleep architecture abnormalities in schizophrenia

In healthy humans, sleep consists of several cycles characterized by episodes of NREM, or
dreamless sleep, followed by episodes of REM sleep, when dreaming activity usually occurs
(Figure 1A). NREM sleep can be further divided in stage N1, N2, and N3, which are
characterized by progressively deeper sleep and are accompanied by representative EEG
oscillations, including sleep spindles (N2) and slow waves (N3), to the extent that NREM
N3 is also described as slow wave sleep (SWS, Figure 1A). Sleep disturbances, such as
profound insomnia and fragmented, unrestful sleep are often experienced by patients with
schizophrenia, especially during acute periods of psychosis, and objective sleep EEG
abnormalities have been reported by several studies. Traditional EEG studies have focused
on the sleep EEG architecture, and a decrease in REM latency (Benson et al., 1991; Hudson
etal., 1993; Tandon et al., 1992), total NREM sleep (Benson et al., 1991; Hoffmann et al.,
2000) as well as a reduction in the amount of NREM SWS (Benson et al., 1991; Benson et
al., 1996; Hiatt et al., 1985; Keshavan et al., 1990) are the most commonly reported findings.
However, meta-analyses have failed to establish a consistent, significant difference in any of
these sleep architecture parameters between patients with schizophrenia and healthy or
psychiatric control subjects (Benca et al., 1992; Chouinard et al., 2004).

Spindle deficits have been reported in schizophrenia, including early onset
and first-break patients

Over the past several years, an increasing number of studies have gone beyond sleep
architecture to investigate the spontaneous brain activity during sleep, including
representative EEG oscillations like sleep spindles, which dominate NREM N2 sleep, and
slow waves, which characterize NREM N3, also called slow wave sleep (SWS, Figure 1A).
Three sleep EEG studies found reduced slow wave power in schizophrenia patients to be
associated with marked SWS decrease (Goder et al., 2006; Hiatt et al., 1985; Keshavan et
al., 1998), whereas four studies were unable to establish any difference in slow wave activity
between schizophrenia patients compared to normal subjects (Ferrarelli et al., 2007;
Ferrarelli et al., 2010; Manoach et al., 2014; Tekell et al., 2005). Furthermore, in one of
these studies patients with schizophrenia had no reduction in several slow wave parameters,
including incidence, amplitude, up-slope and downslope when compared to both healthy and
psychiatric controls (Ferrarelli et al., 2010).

Regarding sleep spindles, a handful of early sleep studies, which were performed with a few
EEG channels and on relatively small sample sizes (N<11), found higher spindle counts
during the first NREM sleep episode in five patients with schizophrenia(Hiatt et al., 1985) or
no difference in whole night spindle activity between nine(Van Cauter et al., 1991) and
eleven(Poulin et al., 2003) schizophrenia patients and healthy controls. By contrast, several
recent studies on larger group of schizophrenia patients (N=18) have consistently reported
marked spindle deficits in schizophrenia relative to comparison groups (Figure 1B).
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Specifically, by performing sleep high density (hd)-EEG recording with a 256 channel
montage we established that schizophrenia patients (N=18) had a reduction in several
spindle parameters, including duration, amplitude, and density compared to healthy (N=17)
and depressed (N=15) subjects during their first NREM sleep episode (Ferrarelli et al.,
2007). In a follow-up, whole night hd-EEG sleep study we confirmed these spindle deficits
in a larger group of patients with schizophrenia (N=49) compared to healthy subjects (N=44)
as well as antipsychotic medicated psychiatric controls (N=20), thus suggesting the spindle
impairments were present throughout the night and were unlikely related to medication
status(Ferrarelli et al., 2010). A recent report established reduced spindle activity in first
episode, antipsychotic-naive schizophrenia patients, but found no spindle deficit in non-
schizophrenia psychotic patients compared to healthy controls (Manoach et al., 2014). A
decrease in spindle density and amplitude was also seen in asymptomatic first-degree
relatives of schizophrenia patients, which further indicate that spindle impairments are
unrelated to antipsychotic medication and may be specific for schizophrenia, though
replication in larger samples of patients is required. Of note, reduced sleep spindle density
has also been found in nine adolescent meeting criteria for early onset schizophrenia
compared to healthy controls (Tesler et al., 2015).

Spindle reduction is associated to worse cognitive function and psychotic

symptoms in schizophrenia

In healthy individuals, sleep spindles have been implicated in the consolidation of both
procedural (Fogel and Smith, 2006; Nishida and Walker, 2007; Tamaki et al., 2008) and
declarative (Clemens et al., 2006; Schabus et al., 2008) memory occurring during sleep.
Higher spindle activity tend to occur in specific brain circuits involved in pre-sleep learning,
and this localized spindle increase predict a post-sleep improvement in
performance(Clemens et al., 2006; Tamaki et al., 2013). In several studies employing the
motor sequence task (MST), which assesses sleep-dependent motor procedural memory,
significant performance improvements occurred after sleep, but not after a comparable
amount of wakefulness(Fischer et al., 2005; Walker et al., 2003), and these improvements
correlated with sleep spindle density(Barakat et al., 2011; Nishida and Walker, 2007). By
contrast, in patients with schizophrenia post-sleep MST performance did not significantly
improve(Manoach et al., 2004; Manoach et al., 2010; Wamsley et al., 2012), and in one of
these studies this lack of improvement correlated with a reduction in spindle
density(Wamsley et al., 2012). Furthermore, schizophrenia patients showed decreased sleep-
dependent consolidation in a declarative memory task together with reduced sleep spindles,
and these two deficits were significantly correlated(Goder et al., 2015). There is also some
indication the sleep spindles may reflect learning potential and general cognitive ability (1Q)
(Fogel and Smith, 2011), although the exact relationship between spindle parameters, 1Q,
and memory consolidation still need to be elucidated. For example, we failed to establish a
correlation between sleep spindles and performance in the Raven’s Progressive Matrices
Test, which is usually utilized to measure intelligence, in chronic patients with schizophrenia
(Ferrarelli et al., 2010), whereas another study reported that sleep spindle deficits were
associated with lower 1Q in first-break psychotic patients, which included both
schizophrenia and non-schizophrenia psychotic disorders(Manoach et al., 2014).
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As far as the relationship between spindle activity and clinical symptoms, several sleep
studies have also shown an inverse correlation between sleep spindles deficits and the
severity of psychosis in schizophrenia, including both chronic (Ferrarelli et al., 2010;
Wamsley et al., 2012) and early onset (Tesler et al., 2015) patients. In one study, which
failed to establish a correlation between positive symptoms and spindle activity, the authors
reported that the patient population was characterized by mild and homogeneous
symptomatology(Goder et al., 2015), whereas in antipsychotic-naive, first-episode patients
with schizophrenia spindle amplitude was inversely related with the level of positive
symptoms(Manoach et al., 2014).

Reduced spindle activity point to a TRN-thalamus-prefrontal cortical circuit

defect in schizophrenia

Converging evidence from electrophysiological and neuroimaging studies suggest that
reduced spindle activity reflects dysfunctions within the thalamo-cortical system. Here we
will review data pointing to a TRN-MD thalamus-PFC circuit deficit in schizophrenia.

The TRN is strategically placed between the thalamus and the cortex, since it receives
excitatory afferents from both cortical and thalamic neurons and sends gamma aminobutyric
acid (GABA)-ergic inhibitory projections to all thalamic nuclei (Figure 2A). Because of its
location and unique anatomical connectivity, it has been proposed that the TRN represent an
attentional searchlight(Crick, 1984), and that may be implicated in regulating a variety of
brain functions, including the generation of sleep spindles (Pinault, 2004). The TRN is also
likely plays important role in initiating the spindle oscillation, as suggested by seminal work
from Steriade et al. showing that sleep spindles occurred in reticular neurons even after it
was completely disconnected from other thalamic nuclei. These initial findings have been
corroborated by subsequent computational and experimental studies (Bazhenov et al., 2000;
Bazhenov et al., 1999; Destexhe et al., 1994; Golomb et al., 1994; Wang and Rinzel, 1993).
More recently, by employing a combination of optogenetics and multi-electrode recording in
behaving mice Halassa et a (Halassa et al., 2011) demonstrated that brief selective drive of
TRN switched the thalamocortical firing mode from tonic to bursting and generated state-
dependent neocortical spindles. It should be however noted that thalamo-thalamic as well as
corticothalamic loops are critically involved in the synchronization and the maintenance of
spindle oscillations (Figure 2A) (Fuentealba and Steriade, 2005). In vitro recordings have
shown that sleep spindles are generated by the reciprocal interaction between the
GABAergic cells of the TRN and excitatory thalamo-cortical sensory relay neurons(von
Krosigk et al., 1993). Furthermore, Bartho et al. has shown that ongoing network activity
between TRN and TC neurons controls the length of sleep spindles (Bartho et al., 2014). It is
also important to point out the most of the electrophysiological animal data on sleep spindles
comes from studies primarily investigating the relationship between TRN and sensory
thalamic nuclei. Importantly, higher order limbic and midline nuclei of the thalamus seem to
generate sleep spindles differently from sensory nuclei, as demonstrated by an elegant study
in mice by Sheroziya and Timofeev (Sheroziya and Timofeev, 2014), whereas there are no
intracellular recordings in MD neuron during spindle activity. These studies are needed in
order to clarify the role of MD thalamus in sleep spindle generation as well as its implication
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in spindle deficits in schizophrenia. In one of the few studies looking at the both sensory and
limbic reticular neurons Halassa et al. employed a combination of connectivity-based
optogenetic tagging and TRN ensemble recording to demonstrate that visually-tagged
reticular neurons activity was directly correlated, whereas limbic-tagged neurons were
negatively correlated to cortical spindle power during NREM sleep(Halassa et al., 2014).
The same research group also demonstrated that a reduction in TRN visual, but not limbic
neurons was observed during a visual detection attentional task, and optogenetically-induced
reduction in these neurons predicted an improvement in performance in mice, thus
confirming a role for TRN neurons in regulating attentional states (Halassa et al., 2014).
Related findings were observed by recording visual TRN neurons in awake monkeys,
wherein McAlonan et al. demonstrated that the activity of these neurons is modulated by
shifts in visual attention, and this activity changes affect visual processing in the lateral
geniculate nucleus of the thalamus via feedback reticular inhibitory projections(McAlonan
et al., 2006). Aherns et al. has recently shown that deficiency of the ErbB4 gene in
somatostatin-expressing TRN neurons markedly altered behaviors dependent on sensory
selection in mice, and particularly their ability to switch attention between conflicting
sensory cues. Furthermore, by using a combination of electrophysiology and intracellular
chloride photometry Wimmer et al. demonstrated that visual TRN dynamically controlled
visual thalamic gain through PFC-regulated feedforward inhibition (Wimmer et al., 2015).
Finally, using single-unit activity in the TRN neurons of anesthetized rats, Krause et al.
showed gated response to paired-tone auditory stimuli, which was disrupted by
amphetamine and reversed by haloperidol (Krause et al., 2003).

Altogether, these findings indicate that TRN neurons play a critical role in both bottom-up
and top-down processes, including spindle generation, auditory sensory gating(Hajos et al.,
2008) and attention modulation(McAlonan et al., 2006), which are known to be defective in
patients with schizophrenia(Ferrarelli, 2015; Javitt and Freedman, 2015). Furthermore sleep
spindles have been linked to cognitive functions, including memory
consolidation(Lustenberger et al., 2015; Molle and Born, 2011) and learning potential(Fogel
and Smith, 2011) in healthy subjects, and several studies have reported that sleep spindles
deficits were associated with reduced cognitive performance in finger-tapping motor
sequence(Manoach et al., 2010; Wamsley et al., 2012), procedural learning(Seeck-Hirschner
et al., 2010), as well as working memory(Buchmann et al., 2014) tasks in patients with
schizophrenia. Nonetheless, future experimental work is needed to establish more directly
the implication of TRN in these higher order cognitive deficits. The implication of the
thalamus in the pathophysiology of schizophrenia was initially based on the observation that
the clinical symptoms of this disorder could not be localized in a single cortical
area(Andreasen et al., 1986), or just restricted to the cerebral cortex(Andreasen et al., 1998).
It also relied on studies demonstrating the implication of thalamo-cortical circuits in brain
functions, including sensory-motor relay, attention and memory, commonly found to be
defective in schizophrenia patients(Carrera and Bogousslavsky, 2006). Since then, growing
evidence from both post-mortem and neuroimaging studies point to thalamic abnormalities
in schizophrenia. Several post-mortem studies have established significant thalamic changes,
especially in the medio-dorsal (MD) nucleus, which included reduction in total number of
neurons and overall volume, in patients with schizophrenia compared to healthy controls
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(Byne et al., 2002; Danos et al., 2005; Young et al., 2000). However, some negative findings
have also been reported (Cullen et al., 2003; Kreczmanski et al., 2007), which could be
related to the relative small sample size of these studies. A reduction in MD volume has
been more consistently assessed by anatomical MRI studies in schizophrenia, whereas
smaller whole thalami (WT) has been found in some studies, but not in several others, thus
suggesting the implication of only specific thalamic nuclei in the neurobiology of this
disorder. Notably, in a recent study we performed MRI-based volume analysis of WT, lateral
geniculate nucleus (LGN), and MD nuclei bilaterally and established that only MD volumes
were significantly reduced in patients with schizophrenia compared to healthy
controls(Buchmann et al., 2014). Furthermore, these smaller MD volumes were correlated
with decreased sleep spindle density in a frontal region, thus suggesting a role for the MD in
spindle generation(Buchmann et al., 2014). While these findings were observed in chronic
patients with schizophrenia, reduction in MD volumes have been also reported in first-
episode patients (Gilbert et al., 2001; Salgado-Pineda et al., 2003).

The implication of PFC in a TRN-MD-cortical circuit thought to be defective in
schizophrenia come from two lines of evidence. First, anatomical (Goldman-Rakic and
Porrino, 1985; Jones, 2002) and functional (Jones, 2009; Mitchell, 2015) studies in both
primates and healthy humans have shown that the MD thalamus is heavily interconnected
with the Prefrontal cortex (PFC). Second, several recent studies utilizing resting-state fMRI
to investigate functional connectivity within the thalamo-cortical system have consistently
reported abnormalities in MD-PFC connections. An initial study employing a seed-based
analysis approach found reduced PFC-MD connectivity in eleven patients with
schizophrenia compared to 12 health controls (Welsh et al., 2010). This finding was
confirmed in a much larger sample (N=62) of schizophrenia patients together with an
increase in thalamic connectivity with sensorimotor cortical areas in these patients relative to
normal subjects (N=77)(Woodward et al., 2012). Another fMRI study established this
thalamus-PFC hypo-connectivity together with the thalamus-sensorimotor cortices hyper-
connectivity in an even large group of schizophrenia patients (N=90), and also showed that
these parameters were significantly correlated by employing an anatomical and data-driven
clustering analysis (Anticevic et al., 2014). Furthermore, in a resting-state Region of Interest
(ROI) fMRI investigation on 105 healthy subjects and 148 psychotic patients Woodward et
al. demonstrated reduced PFC-thalamus and increased sensorimotor-thalamic connectivity in
both chronic and early-state psychosis, and the PFC-thalamus reduction correlated with
impaired cognitive functioning, including verbal learning and memory(Woodward and
Heckers, 2015). The presence of MD-PFC deficits in schizophrenia was also reported by a
sleep hd-EEG study, where decreased frontal sleep spindles were associated to smaller MD
thalamic volumes, and the cortical currents underlying these frontal spindles were localized
in PFC(Buchmann et al., 2014). While promising these findings needs to be replicated in
studies with larger groups of patients. It would also be important to perform
electrophysiological and optogenetic studies in animals to explore the relationship between
TRN and MD thalamic in relation to spindle generation and modulation within the thalamo-
cortical network.
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What are the molecular mechanisms underlying spindle deficits in
schizophrenia?

At this stage, we can only speculate on the molecular substrates responsible for reduced
sleep spindle activity in patients with schizophrenia.

A possible molecular mechanism involve a reduced binding or expression of N-methyl-D-
aspartate (NMDA\) glutamate receptors within the thalamo-cortical system. Postmortem
studies have found a reduction of NMDA glutamate receptors in both MD thalamus and PFC
in patients with schizophrenia(Pakkenberg et al., 2009), whereas pharmacological
manipulations with NMDA antagonists, including ketamine and phencyclidine (PCP),
produce schizophrenia-like psychasis in healthy individuals(Bergeron and Coyle, 2012).
Furthermore, it has been shown that second-generation antipsychotic medications, including
Clozapine, could revert a PCP-mediated blockade of NMDA receptors in both the MD
thalamus (Santana et al., 2011) and PFC (Jardemark et al., 2010), while subanaestethic,
acute ketamine treatment in mice resulted in impairments in a circuitry involving the TRN,
MD thalamus, and PFC (Dawson et al., 2013). It has also been shown that rats receiving
chronic treatment with a low dose of PCP developed hypo-frontality and PFC GABA
interneuron deficits combined with reduced metabolic and GABAergic marker activity in the
TRN (Cochran et al., 2003), and that the reticular neurons changes occurred first(Cochran et
al., 2002), thus suggesting that prefrontal deficits may be secondary to thalamic
dysfunction(Pratt and Morris, 2015). Another pharmacological study employing single unit
and local field potential thalamic recordings in combination with electrocorticogram found
that PCP reduced the discharge rate of TRN as well as the power and phase coherence
between TRN and PFC in anesthetized rats, whereas clozapine countered the effects of PCP
in the cortex, but not in the thalamus(Troyano-Rodriguez et al., 2014).

A defect in GABA-ergic neurotransmission could also underlie sleep spindles abnormalities
in schizophrenia. The TRN consists of GABA-ergic neurons, and electrophysiological
experiments have demonstrated their role in spindle generation. Specifically, GABAp
receptor-mediated depolarization in reticular neurons activates T-type Ca* channels, which
are responsible for the burst-spiking associated to the spindle oscillation, whereas both
GABA and GABAGg receptors are involved in synchronizing the spindle oscillatory activity
within the thalamus (Sun et al., 2012). TRN GABA activity also mediates sensory auditory
gating in rats, which is disrupted by amphetamine and reversed by haloperidol (Krause et al.,
2003), all findings in keeping with electrophysiological observations of sensory processing
dysfunction in schizophrenia (Javitt and Freedman, 2015). Another line of evidence comes
from post-mortem studies demonstrating a reduction in glutamate decarboxylase 67, an
enzyme involved in GABA synthesis and in GABA membrane transporter density in PFC
interneurons in schizophrenia patients(Lewis et al., 2005), whereas treatment studies have
shown that some of the beneficial effects of Clozapine as well as Electroconvulsive Therapy
(ECT) and Transcranial Magnetic Stimulation (TMS) in schizophrenia patients are related to
an increase in GABA-mediated inhibitory neurotransmission on excitatory cortical
neurons(Daskalakis et al., 2008; Kaster et al., 2015; Taylor and Tso, 2015).
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Future directions

So far, a reduction in spindle activity was found in both chronic and early course
schizophrenia patients as well as in first degree relatives of schizophrenia probands, whereas
no spindle abnormalities have been reported in antipsychotic medicated non-schizophrenia
patients or in antipsychotic naive, non-schizophrenia psychotic patients. Additional studies
involving other psychiatric populations as well as individuals at high risk for mental illness
will help to assess the specificity of spindle deficits in schizophrenia, including the
possibility to predict those who will develop this disorder, thus establishing the role of sleep
spindles as a candidate biomarker or endophenotype for schizophrenia. As an initial step in
this direction, a recent neuroimaging study showed that in healthy individuals spindle
density was inversely correlated with magical ideation, an index of liability to psychosis, as
well as with MRS Glutamate levels in the thalamus (Lustenberger et al., 2015).

In previous work we suggested that a defect in TRN neurons function would result in
reduced activation of NMDA post-synaptic receptors in other thalamic nuclei, thus
increasing the firing rate of thalamic relay neurons to the cortex. Hyper-activated cortical
neurons would then determine psychotic symptoms, while cortico-thalamic excitatory
feedbacks would sustain this effect(Ferrarelli and Tononi, 2011). Based on accumulating
evidence, which has been reviewed here, we now suggest that more diffuse deficits within
this TRN-MD thalamus-cortical circuitry involving both NMDA and GABA receptors are
implicated in the sleep spindles as well as other neuro-physiological and cognitive
abnormalities commonly reported in schizophrenia patients (Figure 2B). Additional studies
are needed to test this hypothesis as well as to better characterize the molecular
underpinnings of sleep spindle abnormalities in schizophrenia.

It will also be important to assess whether targeting with pharmacological and
nonpharmacological interventions some of these pathophysiological mechanisms may
improve sleep spindle impairments together with the associated clinical and cognitive
symptoms in patients with schizophrenia. Some initial pharmacological work on small
sample sizes have shown that eszopiclone, which shows greater synaptic efficacy on GABA
neurons in the TRN compared to other hypnotics(Jia et al., 2009), significantly increased
spindles but not sleep dependent memory in one study(Wamsley et al., 2013), whereas in
another study eszopiclone improved working memory, but not symptoms(Tek et al., 2014) in
patients with schizophrenia. Furthermore, in a study applying transcranial direct current
stimulation (tDCS) during N2 sleep, where most of sleep spindles occur, it was found that
tDCS was able to enhance sleep related declarative memory consolidation in patients with
schizophrenia, although spindle parameters were not measured(Goder et al., 2013).

Conclusion

In this review we presented accumulating evidence of reduced sleep spindles in
schizophrenia, including first-break and early-onset patients, compared to both healthy and
psychiatric comparison subjects. This spindle reduction is associated to worse clinical
symptoms, can predict an impaired cognitive performance, and points to dysfunction within
the thalamo-cortical system. Future work aimed at further characterizing the neuronal
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circuits and molecular mechanisms implicated in spindle deficits could significantly
contribute to clarify the neurobiology of schizophrenia; it could also provide novel insight
into the treatment, early detection, and eventually even the prevention of this devastating
mental illness.
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B. GABA deficit in this NRT-thalamus- cortical circuitry
may account for sleep spindle reduction, cognitive
impairments, and clinical symptoms in schizophrenia
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