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INTRODUCTION

Introduction: Chronic medicated patients with schizophrenia have marked reductions in
sleep spindle activity and a correlated deficit in sleep-dependent memory consolidation.
Using archival data, we investigated whether antipsychotic-naive early course patients with
schizophrenia and young non-psychotic first-degree relatives of patients with schizophrenia
also show reduced sleep spindle activity and whether spindle activity correlates with
cognitive function and symptoms.

Method: Sleep spindles during Stage 2 sleep were compared in antipsychotic-naive
adults newly diagnosed with psychosis, young non-psychotic first-degree relatives of
schizophrenia patients and two samples of healthy controls matched to the patients and
relatives. The relations of spindle parameters with cognitive measures and symptom
ratings were examined.

Results: Early course schizophrenia patients showed significantly reduced spindle activity
relative to healthy controls and to early course patients with other psychotic disorders.
Relatives of schizophrenia patients also showed reduced spindle activity compared with
controls. Reduced spindle activity correlated with measures of executive function in early
course patients, positive symptoms in schizophrenia and 1Q estimates across groups.

Conclusions: Like chronic medicated schizophrenia patients, antipsychotic-naive early
course schizophrenia patients and young non-psychotic relatives of individuals with
schizophrenia have reduced sleep spindle activity. These findings indicate that the spindle
deficit is not an antipsychotic side-effect or a general feature of psychosis. Instead, the
spindle deficit may predate the onset of schizophrenia, persist throughout its course and
be an endophenotype that contributes to cognitive dysfunction.

Keywords: sleep, sleep spindles, schizophrenia, cognition, IQ, polysomnography, endophenotype, relatives

high-risk samples (Keshavan et al., 2004; Lunsford-Avery et al.,

Sleep disturbances in schizophrenia have been described since
Kraepelin (1919) and are common throughout its course
(Lieberman et al., 2005), including in the prodrome (Miller et al.,
2003). The presence of sleep disturbances in antipsychotic-naive
and unmedicated patients indicate that they are not merely a
side-effect of medications (for meta-analysis see Chouinard et al.,
2004). While often viewed as secondary to schizophrenia, as the
accompanying psychological distress may itself diminish sleep
quality (Benca, 1996), sleep deprivation can precipitate psychosis
in vulnerable individuals (Tyler, 1955; Wright, 1993; but see,
Kahn-Greene et al., 2007), and there is growing evidence that
sleep disturbances 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). In schizophrenia, sleep disturbances are seen in

2013), are anecdotally associated with the initial onset of psy-
chosis and predict psychotic decompensation in remitted patients
(Dencker et al., 1986; Benson, 2006). If specific sleep abnormali-
ties that contribute to the initial onset, relapse and manifestations
of schizophrenia can be identified, they may serve as targets for
intervention to prevent the emergence of schizophrenia, remedi-
ate its course and ameliorate core features.

Recent studies have reported that chronic, medicated patients
with schizophrenia show a deficit in sleep spindles (Ferrarelli
et al., 2007, 2010; Manoach et al., 2010; Seeck-Hirschner et al.,
2011; Wamsley et al., 2012), which are a defining feature of
non-rapid eye movement (NREM) Stage 2 sleep that are seen
on the electroencephalogram (EEG) as brief (~1s) bursts of
synchronous activity in the 12-15Hz range. This sleep spindle
deficit occurred in the context of normal sleep architecture and
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Stage 2 spectral power, except in the sigma frequency band, which
corresponds to the frequency range of sleep spindles. Here, we
analyzed archival sleep data to determine whether young individ-
uals at high genetic risk for schizophrenia (Keshavan et al., 2004)
and antipsychotic-naive early course patients with schizophrenia
(Keshavan et al., 2011) have reduced sleep spindles and whether
sleep spindle activity is related to cognitive function.

Animal studies point to sleep spindles as a key mechanism
of synaptic plasticity, which may mediate memory consolidation
during sleep (Rosanova and Ulrich, 2005; Werk et al., 2005). In
humans, sleep spindles correlate with measures of intelligence
and with sleep-dependent consolidation of both procedural and
declarative memory (for review see, Fogel and Smith, 2011). In
antipsychotic-naive patients with schizophrenia, spindle activity
is inversely related to reaction time on tests of attention (Forest
et al., 2007). In chronic medicated patients with schizophre-
nia, reduced spindle activity predicts poorer recognition memory
for words that were learned prior to sleep (Goder et al., 2008),
impaired sleep-dependent motor procedural memory consolida-
tion (Wamsley et al., 2012) and increased severity of positive
symptoms (Ferrarelli et al., 2010; Wamsley et al., 2012). In a
randomized placebo-controlled trial, chronic, medicated patients
with schizophrenia were treated with eszopiclone (Lunesta®, a
non-benzodiazepine hypnotic agent that acts on y-aminobutyric
acid (GABA) neurons in the thalamic reticular nucleus (TRN)
where spindles are generated) showed a significant increase in
spindle number, density and Stage 2 sigma power (Wamsley
et al., 2013). These findings suggest that the spindle deficit in
schizophrenia is a specific and treatable sleep abnormality that is
related to cognitive dysfunction and symptoms.

Prior reports of decreased sleep spindles in chronic medi-
cated patients with schizophrenia leave a number of important
questions unresolved. For example, it is not known whether the
spindle deficit is related to the pathophysiology of schizophre-
nia or to treatment with antipsychotic drugs. One study found
that only antipsychotic-treated patients with schizophrenia, but
not those with other psychotic disorders, showed deficient spindle
activity (Ferrarelli et al., 2010) suggesting that the spindle deficit
is neither an antipsychotic side-effect nor a general feature of psy-
chosis. In contrast, several studies of unmedicated schizophrenia
patients did not find evidence of a spindle deficit: Two stud-
ies reported normal spindle density during Stage 2 sleep in 11
(Poulin et al., 2003) and eight (Forest et al., 2007) antipsychotic-
naive patients; another reported normal spindle density in six
unmedicated patients (Van Cauter et al., 1991); and one reported
increased spindle density in five unmedicated patients (Hiatt
et al., 1985). The latter two studies analyzed only selected NREM
sleep segments and neither study distinguished between Stage 2
and slow wave sleep, making them difficult to compare with stud-
ies measuring spindle activity during all of Stage 2 sleep. Another
unresolved question is whether spindle deficits are present in
first-degree relatives. To address these questions we examined
sleep spindles in young first-degree relatives of patients with
schizophrenia and in antipsychotic-naive patients recently diag-
nosed with psychosis. Sigma power (12-15Hz), which is the
frequency band of spindles, shows high heritability in twin
studies, high inter-individual variability and within-individual

stability over time suggesting that it is a genetically-mediated trait
(Ambrosius et al., 2008; De Gennaro et al., 2008). The presence of
spindle deficits in first degree relatives, early course and chronic
schizophrenia patients would suggest that it is an endopheno-
type of schizophrenia. Endophenotypes are heritable traits that
indicate genetic vulnerability to illness (Gottesman and Gould,
2003). They are associated with illness but are also present in some
syndromally-unaffected relatives.

We also investigated the association of sleep spindles with cog-
nitive performance, functional assessments and symptom ratings.
Since sleep spindles positively correlate with performance on a
range of cognitive measures in both healthy individuals (Fogel
and Smith, 2011) and patients with schizophrenia (Forest et al.,
2007; Goder et al., 2008; Seeck-Hirschner et al., 2011; Wamsley
et al., 2012), we expected to observe similar relations in our
experimental and control samples. Based on prior findings, we
also expected reduced spindle activity to correlate with positive
symptoms in schizophrenia (Ferrarelli et al., 2010; Wamsley et al.,
2012).

METHODS

PARTICIPANTS

Demographic and descriptive data are given in Table 1. For all
samples, potential participants were excluded if they met DSM-
IV criteria (American Psychiatric Association, 2000) for current
substance abuse or dependence.

Early course participants and controls

Twenty-six inpatients and outpatients were recruited from the
Western Psychiatric Institute and Clinic based on having a
newly diagnosed psychotic disorder confirmed in consensus
meetings led by senior clinicians (MSK, DM) using all clin-
ical data including Structured Clinical Interviews for DSM-
IV (SCID, First et al., 1997). Patients were diagnosed with
schizophrenia (n = 15); major depression (n = 4); delusional
disorder (n = 2); schizoaffective disorder (n = 2); bipolar disor-
der (n = 2); mood disorder, NOS (n = 1). Patients were char-
acterized with the Scales for the Assessment of Positive and
Negative Symptoms (SAPS and SANS, Andreasen, 1983, 1990)
and the Global Assessment of Functioning Scale (GAF, American
Psychiatric Association, 2000) within a week of the sleep stud-
ies. The following neuropsychological assessments were adminis-
tered: Ammon’s Quick Test, a pointing picture vocabulary test, to
estimate verbal IQ (Otto and McMenemy, 1965); the Wisconsin
Card Sort Test (WCST, Berg, 1948); Trail Making Tests Parts A
and B (Reitan, 1958); the Block Design subtest of the Wechsler
Adult Intelligence Scale-Revised (WAIS-R, Wechsler, 1981); the
Wide Range Achievement Test-Revised, Reading portion (WRAT-
R, Jastak and Wilkinson, 1984) and immediate recall of the
California Verbal Learning Test (Delis et al., 1988). Supplemental
Table 1 presents neuropsychological data.

The 15 early course patients diagnosed with schizophrenia
were similar in age, sex, and estimated IQ to the 11 patients with
other psychotic disorders, but had completed one less year of
education, a difference that was statistically significant (Table 1).
The early course groups did not differ significantly in ratings
of positive or negative symptom severity or global functioning
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Table 1 | Demographic characteristics and description of study samples.

Patients n = 26 Controls n =25 p Relatives n =19 Controls n =12 P
SZn=15 Other n=11

Age 27 +7 27 +7 0.96 14+4 15+5 0.61
28+8 27+7 0.74

Sex 17/65 16/64 0.92 9/47 7/58 0.82

#% M)2 1/73 6/55 0.56

Education (years) 14 +2 16+ 2 <0.001* 8+4 9+4 0.63
13+£2 14+2 0.04*

Est. IQ 99 +13 96 + 12 110+ 16 0.01*
97+10 101 +£17 0.43

Parental SES 29+ 11 52 +10 <0.001*

Means + SD, SZ, schizophrenia; M, male, SES, socio-economic status. p-values are based on t-tests.

*Significant at p < 0.05.
ap-values are based on chi-square tests.

(GAF) (Supplemental Table 2). While they did not differ signif-
icantly on neuropsychological measures (Supplemental Table 1),
with the exception of WRAT-R reading, which is often used to
estimate pre-morbid verbal IQ, schizophrenia patients generally
performed at a lower level. Two patients with schizophrenia and
three patients with other psychotic disorders reported current
cigarette use.

Sleep and cognitive data on these patients were presented in
a prior publication (Keshavan et al., 2011) The present report
includes a healthy control group for comparison, considers
patients with schizophrenia separately from those with other psy-
choses and measures sleep spindles rather than sigma frequency
power.

Twenty-five healthy individuals, screened to exclude a personal
history of mental illness and present substance abuse (SCID-Non-
patient edition; First et al., 2002), were recruited from the local
community by advertisement, word of mouth and presentations
to community groups. The healthy controls were matched to the
patients for age and sex but had completed significantly more
years of education. They were not administered neuropsycholog-
ical assessments and no information on parental socioeconomic
status or cigarette use was available.

First-degree relatives and their controls

A total of 19 children (n = 17) and siblings (n = 2) of patients
with SCID confirmed diagnoses of schizophrenia were recruited
by first asking the patient’s permission to approach their rel-
ative. Relatives were included if they never had a psychotic
disorder and were not taking antipsychotic drugs. Thirteen of
the high-risk sample were diagnosed with a lifetime history
of other disorders: Attention Deficit Disorder (n = 5); major
depression (n = 2); separation anxiety disorder (n = 2); oppo-
sitional defiant disorder (n = 2); and conduct disorder (n = 2).
One relative was taking amphetamine and dextroamphetamine
(Adderall) and another was taking sertraline at the time of the
sleep study.

Twelve age, sex and education matched healthy individuals
without a personal history of mental illness or any first-degree
family members with an Axis I disorder (confirmed by SCID
interviews), were recruited from the community (as above) as
control participants (Table 1). Control participants had a signif-
icantly higher IQ estimates and parental socioeconomic status
(SES, Hollingshead, 1965) than the high-risk relatives. Two of the
relatives and none of the control participants reported current
cigarette use.

Relatives and controls were administered a SCID, SCID-Non
patient version or, for children under 15, the children’s epi-
demiological version of the Schedule for Affective Disorders and
Schizophrenia (K-SADS-E, Orvaschel and Puig-Antich, 1987).
Potential participants with substance abuse within 4 weeks of the
initial assessment or alcohol dependence within the previous 2
years were excluded.

Relatives and controls were characterized with the Chapman
Psychosis Proneness Scales of Magical Ideation (Eckblad and
Chapman, 1983), Perceptual Aberration (Chapman et al., 1978),
and Social Anhedonia (Mishlove and Chapman, 1985), the
GAF, and the Premorbid Adjustment Scale (PAS, Cannon-Spoor
et al., 1982). Relatives had significantly higher ratings of Magical
Ideation and Perceptual Aberration and significantly lower GAF
and PAS ratings (Supplemental Table 2). The following neu-
ropsychological measures were administered to relatives and con-
trols: the Ammon’s Quick Test, the WCST, and the Continuous
Performance Test—Identical Pairs version (CPT-IP, Cornblatt
et al., 1988) (Supplemental Table 1).

Consent

Experimental protocols were approved by the University of
Pittsburgh School of Medicine Institutional Review Board. All
participants provided written informed consent (or assent if
under 18) following a full description of the study. The par-
ent or guardian also provided informed consent for participants
younger than 18.
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PROCEDURES

Polysomnography (PSG)

Sleep studies were conducted at the Western Psychiatric Institute
and Clinic sleep lab over two consecutive nights. For several days
prior to the sleep study, participants were asked to refrain from
napping during the day. Sleep times were based on habitual “good
night” and “good morning” times, determined using a participant
diary of recent sleep patterns. PSG electrodes were placed approx-
imately 1h before bedtime. Sleep data were acquired at 128 Hz
using Grass Telefactor M15 bipolar Neurodata amplifiers and
locally-developed collection software. The recording montage
consisted of bilateral central (C3 and C4) electroencephalogram
(EEG) leads referenced to the linked mastoids (A1+A2); right
and left electrooculogram (EOG) referenced to A14-A2; and bipo-
lar submental chin electromyogram (EMG). We analyzed data
from the second night. Each 30s epoch of PSG data was visu-
ally classified into stages (Wake, NREM 1, 2, slow wave sleep, and
REM) according to standard criteria (Rechtschaffen and Kales,
1968) by a rater blind to diagnostic group. The classified sleep
data were segmented into 30s segments for subsequent data
analyses.

Sleep spindle analysis

As in our prior studies, we analyzed spindles during Stage 2
sleep (Manoach et al., 2010; Wamsley et al., 2012, 2013). PSG
data were preprocessed and analyzed using BrainVision Analyzer
(version 2.0.2, BrainProducts, Munich Germany) and MATLAB
(version R2009b, The MathWorks, Natick MA) software. Prior
to analysis, data were filtered at 0.3-35Hz and artifacts were
rejected by manual inspection. Discrete sleep spindle events were
automatically detected at the C4 lead, which was the only lead
available for all participants, using a wavelet-based algorithm
that was previously validated against both hand-counted spin-
dles and 12-15 Hz sigma power in both healthy individuals and
patients with schizophrenia (Wamsley et al., 2012) and out-
performed other available automated spindle detectors by most
closely approximating expert consensus spindle counts (Warby
etal., 2014).

For each spindle, measures of amplitude, sigma power, dura-
tion, and peak frequency were based on analysis of 2 s EEG epochs
centered on the point of spindle detection. Within the sigma
range (12-15Hz), amplitude was the maximal voltage follow-
ing 12-15Hz band pass filtering, peak frequency was defined as
the spectral peak of the spindle following Fast Fourier trans-
form (FFT) decomposition, and sigma power was defined as
the mean FFT-derived power spectral density in the 12-15Hz
range (WV2/Hz). To examine the time-frequency characteristics
of individual spindles, wavelet analysis was conducted. A complex
Morlet wavelet was applied separately to each spindle epoch. The
duration of each spindle was calculated as the half-height width of
wavelet energy within the spindle frequency range.

We chose spindle density (events/min) and individual spin-
dle amplitude as our primary dependent variables for regressions
with cognitive and symptom measures. Spindle density was cho-
sen because it is more resistant to group differences in total
sleep time (TST) than spindle number, was deficient in our
prior studies of chronic medicated patients and correlated with

sleep-dependent memory consolidation (Manoach et al., 2010;
Wamsley et al., 2012). Spindle amplitude was chosen because it
negatively correlated with positive symptoms in our prior study
(Wamsley et al., 2012) and contributes to the measurement of
“integrated spindle activity,” which negatively correlated with
positive symptoms in a study from another group (Ferrarelli et al.,
2010).

Spectral characterization of stage 2 sleep

The power spectral density (WV?/Hz) was calculated by FFT,
using a Hanning window with 50% overlap applied to successive
3's epochs of Stage 2 sleep. Spectral power in the slow oscilla-
tion (0.5-1Hz), delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz),
sigma band (12-15Hz), and beta (15-30 Hz) frequency bands
was measured.

Spindle density and amplitude in relation to cognition, function, and
symptom ratings

Cognitive, function or symptom measurements were regressed on
the primary spindle parameters (density and amplitude) using
robust regression models, which limit the influence of outliers on
the results (Andersen, 2008), as implemented in MATLAB. Group
(x2) and its interaction with spindle parameter (x;) were included
in the model: y = B+pB1x;+P2x2+B3x1x2. In the early course
sample, group refers to schizophrenia patients vs. those with other
psychotic disorders (for early course controls cognitive data were
not available). In the high-risk sample, group refers to relatives
vs. controls. If the group factor (difference in intercepts) and
the group by spindle parameter interaction (difference in slopes)
are not significant, we report the relations for the pooled group
data without factors for group and its interaction with the sleep
parameter (y = Bop + B1px). Otherwise we also report standard
linear regression results for each group separately.

RESULTS

EARLY COURSE PARTICIPANTS (TABLE 2)

Sleep quality

Early course patients showed worse sleep quality than controls
with significantly less TST, more wake time after sleep onset
(WASO), and lower sleep efficiency (TST/total time in bed).
Although both groups of early course patients showed disrupted
sleep compared with controls, in schizophrenia patients the dis-
ruption tended to be worse as indexed by trends toward more
WASO and lower sleep efficiency.

Sleep architecture

Relative to controls, early course patients showed a greater per-
centage of Stage 2 sleep and a reduced percentage of slow wave
sleep. This was true of both schizophrenia patients and those with
other psychotic disorders.

Spectral characteristics of stage 2 sleep
Relative to controls, early course patients showed reduced slow
oscillation, delta, and theta power. Of these, only the reduction
in theta power significantly differentiated schizophrenia patients
from those with other psychotic disorders.

In the sigma frequency band, which corresponds to the fre-
quency range of sleep spindles, schizophrenia patients showed
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Table 2 | Sleep data for early course patients and their controls reported as means + SD.

Patients n = 26 Controls Patients vs. Sz vs. controls Sz vs. others Others vs.
n=25 controls controls
SZn=15 Othern=11 t p t P t p t p
SLEEP QUALITY
TST (min) 403 +£ 76 443 +30 —2.61 0.02* -1.86 0.07 0.62 0.54 —3.08 0.004*
411 +£80 392+73
WASO (min) 37+ 39 15416 2.61 0.01* 3.79 <0.001* 1.93  0.07 0.69 0.49
49+40 21+£33
Sleep efficiency % 85+ 1 94+4 -3.77 <0.001* -4.68 <0.001* —-1.69 0.10 —-2.23 0.03*
814+£12 8949
SLEEP ARCHITECTURE
Stage 1 % 442 443 0.04 0.97 0.45 0.65 1.14 0.27 —0.48 0.63
b+2 442
Stage 2 % 62 +8 52+9 4.41 <0.001* 452 <0.001* 1.19 0.25 2.56 0.02*
6447 60+9
SWS % 746 17+7 -5.19 <0.001* -5.15 <0.001* -1.23 0.23 -3.03 0.005*
6+5 9+7
REM % 26 +5 27+6 -0.54 0.59 -0.87 0.39 -0.88 0.39 0.14 0.89
26+6 28+4
SPECTRAL POWER DURING STAGE 2 SLEEP (.V2/H2)
Slow (0.5-1 Hz) 6.2+25 8.4+4.6 —-2.12 0.04* —-1.79 0.08 —-0.20 0.84 —-1.37 0.18
6.2+22 6.3+3.0
Delta (1-4 Hz) 1.23 £0.37 1.65+059 —-2.29 0.03* -2.38 0.02* -1.33  0.20 -1.03 0.31
1.154+0.33 1.35+0.41
Theta (4-8 Hz) 0.16 + 0.06 0.234+0.10 —2.92  0.005* -3.01 0.005* -2.16 0.04* -1.26 0.22
0.144+0.05 0.19+0.05
Alpha (8-12 Hz) 0.09 £+ 0.05 0.12+0.08 -1.43 0.16 —1.64 0.13 -1.1 0.28 -0.54 0.60
0.08+0.06 0.10+0.04
Sigma (12-15Hz) 0.16 £ 0.1 0.22+0.12 -1.82 0.08 —-2.72 0.01* -2.68 0.01* -0.03 0.98
0.12+0.08 0.2240.09
Beta (15-30 Hz) 0.007 + 0.003 0.007+0.004 —-0.42 0.67 —0.40 0.69 —-0.16 0.87 —0.25 0.81
0.007+0.004 0.007 £0.002
SPINDLE MEASURES
Spindle number 346 + 124 374492 -0.92 0.36 —1.68 0.10 -1.66  0.13 0.44 0.66
314 +£133 389+ 101
Spindle density/min 141 £0.47 1.644+032 -2.01 0.05* -3.32 0.002* -2.78 0.01* 0.32 0.75

1.22+0.48 1.67£0.30
CHARACTERISTICS OF INDIVIDUAL SPINDLES

Amplitude (uV) 16.1 £ 4.1 18.0+4.6 -1.62 0.1 —-2.17 0.04* -1.89 0.07 —-0.19 0.85
148+4.4 17.7+£3.1

Frequency (Hz) 13.1+0.9 13.1+0.9 -0.17  0.87 —0.44 0.66 -0.62 0.54 0.26 0.80
13.0£0.9 13.2+£0.8

Duration (s) 0.813 4+ 0.044 0.826+0.044 -0.87 0.39 —1.74 0.09 -2.16  0.04* 0.65 0.52

0.800+£0.047 0.835+0.031

Sigma power (1V2/Hz) 0.607 £ 0.917 0.519+0.363 045 0.66 0.46 0.65 0.19  0.85 0.37 0.71
0.637+1.20 0.566+0.315

TST total sleep time; WASO, wake after sleep onset; SWS, slow wave sleep;, REM, rapid eye movement sleep. Asterisks denote significance at p < 0.05.
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significantly reduced sigma power compared with both other
psychotic patients and controls. Psychotic patients with other dis-
orders did not differ from controls in sigma power. So while both
patient groups showed reduced spectral power in multiple fre-
quency bands during Stage 2 sleep, only schizophrenia patients

showed a sigma deficit. When calculated relative to the EEG power
baseline for each group, computed as the best fit to the 9-10
and 15-16 Hz data, the sigma power (12—-15Hz) in schizophre-
nia patients was only 27% of that seen in patients with other
psychoses (Figure 1A).

A 10¢ —_— 82
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FIGURE 1 | Spectral power plots (A) in schizophrenia patients (SZ) and the sigma band (12-15Hz) EEG power baseline for each group, which was
patients with other psychotic disorders (Others) and (B) in relatives and computed as the best fit to the to the 9-10 and 15-16 Hz EEG power
healthy controls. The left plots show the logarithm of spectral power across baseline. The p-values reflect group differences in sigma power. Asterisks
the broader 0-30 Hz range. The right plots show 9-16 Hz spectral power with denote significance at p = 0.05.
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Sleep spindle parameters

Relative to controls, early course patients showed significantly
reduced spindle density (Figure 2A). This reduction was entirely
due to the subset of patients diagnosed with schizophrenia who
had significantly lower spindle density than both controls and
patients with other psychotic disorders whose spindle density
was nearly identical to that of controls. Schizophrenia patients
also showed reduced spindle amplitude (Figure 2B) and dura-
tion compared with controls (trend for duration) and patients
with other psychotic disorders (trend for amplitude). Patients
with other psychotic disorders did not differ from controls on any
spindle parameter.

Spindle density and amplitude in relation to cognition and symptom
ratings (Table 3, Figure 3)

In the pooled group of early course patients, lower spindle density
was associated with worse cognitive performance on all cogni-
tive measures except immediate recall of the CVLT word list.
Lower spindle density significantly predicted slower completion

A p=.75
p=.002*

p=.01*

Spindle density
e o 9o
S (=] =] -

=
)
T

=)

Others
(n=11)
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(n=25)

Early Course Sz
(n=26)

p=.07

T
20 p=11
1
1
1

Spindle amplitude

Others
(n=11)

Early Course Sz
(n=26) (n=15)
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(n=25)

FIGURE 2 | Spindle parameters in controls and early course patients.
Early course patients are divided based on a diagnosis of schizophrenia (SZ)
vs. other psychotic disorders (Others). (A) Spindle density; (B) Spindle
amplitude. Asterisks denote significance at p = 0.05.

of Trails A and B, increased perseverative errors on the WCST,
lower WRAT-R reading scores and lower estimated verbal 1Q.
Lower spindle density also predicted lower scaled scores on
the Block Design subtest of the WAIS-R, but at a trend level.
With the exception of estimated verbal IQ, these relations did
not differ significantly as a function of group (schizophrenia,
other psychotic disorders). Although the relation with 1Q was
in the same direction in both groups [significant in the non-
schizophrenia psychotic patients: t9) = 2.29, p = 0.05; at a trend
level in schizophrenia: #(;3) = 1.95, p = 0.07], the regression lines
differed significantly (Table 3, Figure 4).

Spindle amplitude also correlated with cognitive performance.
Like spindle density, lower spindle amplitude was associated with
slower performance on Trails B, increased WCST perseverative
errors and a lower score on Block Design and these relations did
not differ by group. Reduced spindle amplitude also correlated
with lower estimated verbal IQ and WRAT-R reading scores in
the pooled data, but there was an effect of group reflecting that
only the non-schizophrenia psychotic patients showed significant
relations of amplitude with estimated IQ [others: t9) = 2.76,p =
0.02; schizophrenia: t(13y = 0.97, p = 0.35] and WRAT-R read-
ing [others: tg) = 4.44, p = 0.002; schizophrenia: t13) = 0.61,
p = 0.56].

No significant relations between spindle density or amplitude
with symptom rating scores or GAF were observed. Because we
and another group previously found relations between reduced
spindle amplitude (or “integrated spindle activity,” which is influ-
enced by amplitude) and increased severity of positive symptoms
in chronic, medicated schizophrenia patients (Ferrarelli et al.,
2010; Wamsley et al,, 2012), we examined the schizophrenia
group alone and found a significant relation in the opposite direc-
tion: increased amplitude of individual spindles correlated with
increased severity of positive symptoms [#(13) = 2.21, p = 0.05]
(Figure 5).

Control analyses

In addition to showing lower spindle density and amplitude than
both healthy controls and psychotic patients with other diagnoses
(trend for amplitude), the sleep of schizophrenia patients was also
more disrupted. Sleep efficiency (a general measure of sleep qual-
ity), however, did not significantly correlate with spindle density
or amplitude in schizophrenia, healthy controls or other psychotic
patients, suggesting that sleep disruption is unlikely to account
for the spindle deficits. Spindle density and amplitude correlated
with multiple measures of cognition in the pooled group of early
course patients. Sleep efficiency also correlated with several cogni-
tive measures (Table 3), but notably not with estimated premor-
bid verbal IQ from the Ammons Quick Test or WRAT-R single
word reading, which is also an estimate of premorbid verbal 1Q.

FIRST-DEGREE RELATIVES OF SCHIZOPHRENIA PATIENTS

Sleep quality, architecture, and spectral characteristics (Table 4
presents sleep data)

Compared with controls, relatives showed significantly worse
sleep quality as indicated by increased WASO and reduced sleep
efficiency. Sleep architecture was also disrupted in relatives who
showed a greater percentage of time in lighter sleep (Stages 1
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Table 3 | Regressions of cognitive and symptom measures on sleep parameters (spindle density, spindle amplitude, or sleep efficiency) in early

course patients.

Group Sleep parameter x Sleep parameter
group (pooled data)
t p t p t p
Trails A (s) Spindle density —0.98 0.34 0.78 0.44 -2.02 0.05*
Spindle amplitude —-1.34 0.19 1.28 0.21 -0.80 0.43
Sleep efficiency —-0.54 0.59 0.62 0.54 0.03 0.98
Trails B (s) Spindle density 0.54 0.60 —0.18 0.86 —5.36 <0.0001*
Spindle amplitude 0.21 0.84 0.1 0.91 —b5.22 <0.0001*
Sleep efficiency 0.45 0.66 —-0.19 0.84 —-2.13 0.04*
WCST perseverative errors Spindle density -0.76 0.46 0.71 0.49 —-2.49 0.02*
Spindle amplitude —1.95 0.06 2.02 0.06 —2.06 0.05*
Sleep efficiency 1.28 0.22 —-1.22 0.24 -4.70 0.0001*
1Q estimate Spindle density 2.05 0.05* —-2.14 0.04* 2.96 0.007*
Spindle amplitude 2.34 0.03* —2.35 0.03* 2.29 0.03*
Sleep efficiency 1.57 0.13 —1.58 0.13 1.39 0.18
WRAT-R Spindle density 1.42 0.17 —1.31 0.21 3.19 0.004*
reading Spindle amplitude 2.85 0.01* —-2.77 0.01* 2.09 0.05*
Sleep efficiency 1.54 0.14 —1.62 0.14 1.51 0.14
Block design Spindle density —0.12 0.90 0.13 0.90 1.90 0.07
Spindle amplitude 1.73 0.10 —-1.71 0.10 3.12 0.005*
Sleep efficiency 0.64 0.53 —0.69 0.51 2.37 0.03*
CVLT Spindle density —0.06 0.95 —0.20 0.84 0.27 0.79
Spindle amplitude 0.07 0.94 -0.24 0.81 0.85 0.40
Sleep efficiency -0.46 0.65 0.40 0.69 1.84 0.08
SANS Spindle density 0.89 0.38 —0.57 0.58 0.66 0.52
Spindle amplitude -1.27 0.22 1.49 0.15 -0.78 0.44
SAPS Spindle density 0.99 0.33 —-0.79 0.44 0.44 0.66
Spindle amplitude -0.81 0.42 1.10 0.28 1.18 0.25
GAF Spindle density —0.68 0.50 0.38 0.71 0.25 0.80
Spindle amplitude 0.32 0.75 —0.60 0.56 0.40 0.69

Group: schizophrenia vs. other psychotic disorders. The Group (x2) and Sleep parameter (xq) x Group columns are based on the following model: y = Bo + B1x1 +
Baxo + Ba3x1xz. The sleep parameter column is based on the regression using pooled group data without factors for group and its interaction with the sleep parameter
(y = Bop + Bipx). WCST, Wisconsin Card Sort Test; WRAT-R, Wide Range Achievement Test-Revised; Block Design scaled score; CVLT, California Verbal Learning
Test standard score for total immediate word recall; SANS, Scale for the Assessment of Positive Symptoms global total; SAPS, Scales for the Assessment of Positive

Symptoms global total, GAF, Global Assessment of Functioning.
*Significant at p < 0.05.

and 2) and trends toward lower percentages of slow wave and
REM sleep. During Stage 2 sleep, relatives showed significant
power reductions in all frequency bands except delta. To con-
trol for this shift in global power, we calculated sigma power
relative to the EEG power baseline for each group, computed as
the best fit to the 9-10 and 15-16 Hz data (Figure 1B). Sigma
power (12—15 Hz) in relatives was only 25% of that seen in healthy
controls.

Sleep spindle parameters
Relatives showed significantly reduced amplitude and sigma
power of individual spindles, as well as a trend toward reduced

spindle density. Relatives with and without psychiatric diagnoses
did not differ in spindle density [, 17) = 1.16, p = 0.26] or
amplitude [, 17) = 1.16, p = 0.26].

Spindle density and amplitude in relation to cognitive function and
symptom ratings

Spindle density correlated with WCST perseverative errors in
controls [f(19) = 3.07, p = 0.01] but not relatives [¢;3) = 0.08,
p =0.94] and not in the pooled data of controls and rela-
tives (Table5). For the combined groups, spindle amplitude
significantly correlated with GAF (tdf = 2.72, p = 0.01), but nei-
ther group alone showed this relation and the plot suggested it was
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Symptoms (SAPS) global total severity scores on spindle amplitude in
early course schizophrenia patients.

due to group differences in both parameters. Spindle amplitude
significantly correlated with IQ Table 5, (Figure 3) and showed a
trend level relation with premorbid adjustment. These relations
did not differ by group. None of the psychosis proneness ratings
correlated with spindle density or amplitude in either the pooled
group data or in either group alone.

Control analyses

Like the early course patients with schizophrenia, relatives showed
reduced spindle density (trend) and amplitude relative to healthy
controls, but their sleep quality was also more disrupted. Sleep
efficiency, however, did not significantly correlate with spindle
density or amplitude in relatives or their healthy controls, sug-
gesting that the sleep disruption is unlikely to account for the
spindle deficits. Nor did sleep efficiency correlate significantly
with cognitive measures in relatives, controls, or the pooled group
data.

DISCUSSION

The present study provides the first demonstration that both
young first-degree relatives of patients with schizophrenia and
antipsychotic-naive patients early in the course of schizophre-
nia show reduced sleep spindle activity. In contrast, early course
psychotic patients with other diagnoses showed normal spindle
activity. These findings indicate that the spindle deficit, which
was previously reported in chronic, medicated patients with
schizophrenia (Ferrarelli et al., 2007, 2010; Manoach et al., 2010;
Seeck-Hirschner et al., 2011; Wamsley et al., 2012), is not due
to antipsychotic medications, is not a product of chronic illness
and is not a general feature of psychosis. Moreover, consistent
with growing evidence that links sleep spindles to a range of
cognitive functions including intellectual ability in healthy indi-
viduals (Fogel and Smith, 2011), the present study found that
sleep spindle activity correlated with multiple cognitive measures
including estimates of verbal IQ in young healthy controls, early

Table 4 | Sleep data in relatives and controls.

Relatives Controls t P
n=19 n=12

SLEEP QUALITY
TST (min) 477 £61 511+ 63 -1.36 0.19
WASO (min) 14+14 5+3 2.29 0.03*
Sleep efficiency % 93+3 96+2 —2.21 0.04*
SLEEP ARCHITECTURE
Stage 1 % 442 241 2.01 0.05*
Stage 2 % 52+7 45+ 11 2.02 0.05*
SWS % 21+8 27+10 -1.78 0.09
REM % 23+4 2644 —-1.70 0.10
SPECTRAL POWER DURING STAGE 2 SLEEP (V2/HZ)
Slow (0.5-1 Hz) 10.6+3.8 15.2+6.3 —2.55 0.02*
Delta (1-4 Hz) 2.39+0.97 3.04+137 -1.54 0.13
Theta (4-8 Hz) 0.33+0.17 0.494+0.21 -2.38 0.02*
Alpha (8-12 Hz) 0.10+0.05 0.177+0.06 —3.29 0.003*
Sigma (12-15 Hz) 0.19+£0.10 0.44+0.27 -3.60 0.001*
Beta (15-30 Hz) 0.008+0.004 0.012+0.004 —-2.34 0.03*
SPINDLE MEASURES
Spindle number 377 +89 399+ 148 —-0.52 0.61
Spindle density/min 1.52+0.29 1.72+£033 -1.76 0.09

CHARACTERISTICS OF INDIVIDUAL SPINDLES

Amplitude (uV) 18.2+4.7 24.4+6.8 —-3.01 0.005*
Frequency (Hz) 12.9+0.6 13.1+0.8 -0.64 0.52
Duration (s) 0.844+0.057 0.857+0.049 -0.61 0.54
Sigma power(uV2/Hz) 0.555+0.379 1.283+0.847 —3.28 0.003*

Means + SD; TST, total sleep time; WASO, wake after sleep onset; SWS, slow
wave sleep, REM, rapid eye movement sleep.
*Significant at p < 0.05.

course psychotic patients, and young relatives of schizophrenia
patients. Thus, spindle activity was related to cognitive function
regardless of diagnosis. Together with prior work documenting
a spindle deficit in chronic, medicated patients with schizophre-
nia that correlates with sleep-dependent memory consolidation
(Wamsley et al., 2012), the present findings are consistent with
the hypothesis that the spindle deficit is an endophenotype of
schizophrenia that predates the onset of schizophrenia, is present
throughout its course and affects cognitive function. Although
suggestive, our findings are correlative and it is not possible
to draw strong conclusions about causal relationships between
spindles and cognitive function.

Recent work suggests sleep spindle activity as a potential tar-
get for the remediation of cognitive deficits in schizophrenia.
Eszopiclone—a non-benzodiazapine sedative hypnotic that acts
on the TRN, which generates sleep spindles (Jia et al., 2009)—
significantly increased spindle activity compared with placebo
in a small sample of chronic medicated schizophrenia patients
(Wamsley et al., 2013). While its effect on sleep-dependent
memory consolidation was not significant, only the eszopiclone
group showed significant overnight improvement on the motor
sequence task (Walker et al., 2002). Moreover, in the combined
eszopiclone and placebo groups, spindle density predicted this
overnight consolidation. These findings raise the possibility that
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Table 5 | Regressions of cognitive and symptom measures on spindle parameters in relatives and their controls.

Group Spindle x group Spindle
t p t p t p
CPT Density 0.68 0.50 —0.97 0.34 -1.13 0.27
Verbal Amplitude —0.28 0.78 —0.05 0.96 —-0.20 0.84
CPT Density 0.73 0.47 —1.02 0.32 0.50 0.62
Visual Amplitude —0.94 0.36 0.34 0.74 —-0.13 0.90
WCST Density -1.78 0.09 2.01 0.06 —1.29 0.21
Pers err Amplitude 0.61 0.55 -0.32 0.75 —-1.34 0.19
1Q estimate Density —0.50 0.62 0.07 0.94 0.63 0.54
Amplitude 0.44 0.66 -0.79 0.44 3.80 0.0007*
GAF Density —2.28 0.03* 0.58 0.57 1.26 0.22
Amplitude —1.63 0.12 —0.40 0.69 2.72 0.01*
PAS Density 1.59 0.12 —1.09 0.28 —0.67 0.51
Amplitude 0.99 0.33 —0.39 0.70 —1.80 0.08
Magical Density 0.13 0.90 0.24 0.81 -0.23 0.82
Ideation Amplitude 0.47 0.64 0.01 0.99 —0.78 0.44
Perceptual Density 0.95 0.35 —0.64 0.53 —0.51 0.62
Aberration Amplitude 1.40 0.17 —-1.12 0.27 —1.69 0.10
Social Density -0.17 0.87 0.19 0.85 —2.01 0.07
Anhedonia Amplitude 0.15 0.89 —0.01 0.99 -1.62 0.13

Spindle refers to spindle parameter, density, or amplitude. Continuous Performance Test (CPT)—Identical Pairs version;, WCST Wisconsin Card Sort Test persever

ative errors; GAF, Global Assessment of Functioning, PAS, Premorbid Adjustment Scale; Chapman Scales of Magical Ideation, Perceptual Aberration, and Social

Anhedonia. *Significant at p < 0.05.

spindle deficits can be effectively treated and that treatment
may remediate cognitive deficits. This body of work, identi-
fying abnormal sleep spindles as a potentially treatable candi-
date endophenotype of schizophrenia that is related to cognitive
deficits, opens new avenues for research aimed at understanding,
treating, and preventing schizophrenia.

The sleep spindle deficit in schizophrenia implicates dysfunc-
tion of thalamocortical circuitry. Sleep spindles are generated
in the TRN (Guillery and Harting, 2003) and reduced spindle
activity may reflect TRN and/or cortical dysfunction. There is
evidence of TRN abnormalities in schizophrenia (Smith et al.,
2001) and of reduced thalamic volume in antipsychotic-naive
first-episode schizophrenia (Gilbert et al., 2001). The TRN is
comprised entirely of GABAergic neurons (Houser et al., 1980)
that primarily inhibit glutamatergic thalamic neurons that project
to the cortex. Cortical neurons, in turn, send glutamatergic
inputs back to N-methyl-D-aspartate acid (NMDA) receptors
on TRN neurons. Thus, spindles are mediated by a thalam-
ocortical feedback loop that is regulated by both GABAergic
and NMDA-receptor mediated glutamatergic neurotransmission
(Jacobsen et al., 2001), which are implicated in current models
of schizophrenia. In schizophrenia there is evidence of GABA
deficits (Thompson et al., 2009) and abnormal expression of
NMDA receptors and glutamate transporters in the thalamus
(Ibrahim et al., 2000; Smith et al., 2001).

The correlations of spindle activity with IQ in the present sam-
ples are similar to what has been reported for healthy individuals
in prior work (Fogel and Smith, 2011). Sleep spindles have been
linked to a range of cognitive abilities in healthy individuals, par-
ticularly to the 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. Converging evidence suggests that neocortical slow
oscillations temporally group thalamocortical sleep spindles with
hippocampal ripples thus enabling the redistribution of recently
encoded memories from temporary hippocampal to long-term
neocortical storage sites (Molle and Born, 2011). The coherent
expression of spindles across wide areas of cortex could support
the synchronous “reactivation” of recent memory traces across
cortical regions (Buzsaki, 1998; O’Neill et al., 2010). In addition to
reduced spindle activity, we previously found less coherent spin-
dle activity across the cortex in chronic medicated schizophrenia
(Wamsley et al., 2012). This may reflect dysfunction in tha-
lamocortical circuits that could interfere with sleep-dependent
memory processing preventing the simultaneous reactivation of
memory components stored across visual, spatial, emotional, and
goal-representation networks, resulting in the fragmentation of
memories and cognition.

Consistent with this, in addition to its relations with estimates
of premorbid verbal IQ (the Ammons Quick Test and WRAT-R
Reading), sleep spindles correlated with multiple measures of cog-
nitive performance. Sleep efficiency, a general measure of sleep
quality, also correlated with cognitive measures in early course
patients, but not in relatives, and it was not significantly cor-
related with IQ estimates or with spindle density or amplitude.
This may reflect that while generalized sleep disruption affects the
performance of many effortful and attentionally-demanding tasks
(Van Dongen et al., 2003), the performance of tasks that primarily
tap crystallized knowledge specifically relates to spindles.
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Unlike chronic, medicated patients with schizophrenia in
whom the sleep spindle reduction was found to be specific [i.e.,
with the exception of increased sleep onset latency in two stud-
ies (Ferrarelli et al., 2007, 2010), it occurred in the context of
normal sleep quality, architecture, and other spectral character-
istics of sleep (Manoach et al., 2010; Wamsley et al., 2012)] in
both the early course schizophrenia patients and the relatives of
schizophrenia patients, sleep was more generally disrupted. Early
course patients with other psychotic disorders also showed dis-
rupted sleep relative to controls, but the schizophrenia patients
showed greater disruption as indicated by trends toward poorer
sleep quality and significantly lower theta power during Stage 2
sleep. But the most compelling difference between schizophrenia
patients and those with other psychotic disorders was the signif-
icantly reduced spindle activity including spindle density, sigma
power and individual spindle duration and amplitude (trend).
While schizophrenia patients significantly differed from healthy
controls on multiple measures of spindle activity, those with other
psychoses did not differ on any. In addition, as sleep efficiency was
not significantly correlated with spindle density or amplitude in
any group, a general sleep disruption is unlikely to fully account
for the spindle deficits observed in schizophrenia patients or in
young non-psychotic first-degree relatives. These findings sug-
gest that sleep is disrupted in early course psychotic patients, but
only those with schizophrenia show a spindle deficit. Not only was
spindle density reduced, but schizophrenia patients also showed
abnormal morphology of individual spindles (reduced amplitude
and a trend to shorter duration) consistent with some (Ferrarelli
et al., 2007, 2010) but not all (Wamsley et al., 2012) studies of
chronic medicated patients.

A surprising observation was that positive symptoms were
positively correlated with spindle amplitude in early course
antipsychotic-naive schizophrenia patients. This contrasts with
the negative correlations previously observed in chronic med-
icated schizophrenia patients (Ferrarelli et al., 2010; Wamsley
et al., 2012). This may reflect that the pathophysiological under-
pinnings of positive symptoms differ in these two populations.
In chronic medicated patients, residual positive symptoms have
not fully responded to standard dopamine blocking medications
and may therefore arise from non-dopaminergic mechanisms
such as GABA or NMDA hypofunction (Demjaha et al., 2014),
which may also contribute to spindle deficits. In contrast, posi-
tive symptoms in early untreated schizophrenia typically respond
well to antipsychotics and may reflect dopamine hyperactivity
(Keshavan, 1999). These correlations suggest that, in addition to
their putative role in cognition, sleep spindles may be related to
the expression of schizophrenia symptoms, though the mecha-
nisms of these relations are unknown. Spindle parameters did not
correlate with measures of psychosis proneness in the combined
group of relatives and their controls, or in the relatives alone.

There are several important limitations of the present study.
First, we note that two prior studies of antipsychotic-naive
patients with schizophrenia did not show reduced spindle den-
sity during Stage 2 sleep. As in the present study, the sample
sizes were relatively small n = 11 (Poulin et al., 2003) and n = 8
(Forest et al., 2007). Unlike the present study, the spindles were
hand counted. This is unlikely to be the source of the discrepancy

since the wavelet-based spindle counting algorithm used for the
present study was previously validated against both hand-counted
spindles and 12-15 Hz sigma power in both healthy individuals
and patients with schizophrenia (Wamsley et al., 2012) and out-
performed other available automated spindle detectors by most
closely approximating expert consensus spindle counts (Warby
et al., 2014). Given this discrepancy it will be important to repli-
cate our findings in larger samples. The small sample sizes of the
present study also left us underpowered for some analyses includ-
ing those involving more complex models that could adjust for
the effects of sleep efficiency or IQ on group differences in spin-
dles. As this was an archival study, we were limited to available
data and lacked information such as whether the time of day of
cognitive and other functional measures was standardized across
participants and groups. Because we were missing cognitive and
some demographic measures for early course controls we also do
not know whether they were well-matched to the early course
patients on important demographic features such as parental
socioeconomic status. This is a potential confound since the heri-
tability of IQ varies as a function of parental socioeconomic status
(e.g., Turkheimer et al., 2003) and IQ correlates with sleep spin-
dles (e.g., Fogel and Smith, 2011). We do know, however, that
the early course schizophrenia patients did not differ from other
psychotic patients in age, sex, estimated IQ, positive, or negative
symptom severity, or on a global functional assessment, yet only
the schizophrenia patients showed a spindle deficit.

The group of young relatives had lower parental socioeco-
nomic status than their controls. This may reflect socioeconomic
slippage of the parents as a consequence of schizophrenia. The
relatives also had lower estimated IQs, worse global function and
more magical ideation and perceptual aberration, which may all
be reflections of genetic vulnerability to schizophrenia and/or the
psychosocial effects of having a first-degree family member with
schizophrenia. Given these group differences, we cannot exclude
the possibility that rather than reflecting genetic vulnerability to
schizophrenia, the spindle deficit in relatives reflects differences in
other factors such as I1Q.

The present findings raise a number of important questions.
Is reduced sleep spindle activity a genetic risk factor that predicts
psychosis in high-risk individuals and in the prodromal phase?
And, if so, would treating the spindle deficit improve cognition
and/or reduce the probability of conversion to frank psychosis?
And does the sleep spindle deficit help to illuminate the patho-
physiology of pre-morbid stages of schizophrenia? Our findings
implicate abnormal function in thalamocortical circuitry even
before the onset of illness, which is consistent with a recent report
of reduced volume of the thalamus bilaterally that correlated with
sleep disturbance in adolescents at ultra high risk for psychosis
(Lunsford-Avery et al., 2013). In chronic patients, would treating
the spindle deficit improve cognition and symptoms and thereby
reduce the risk of relapse?

These questions highlight important directions for future
research. Sleep studies are non-invasive and the potential to
remediate abnormal sleep for the prevention and treatment of
schizophrenia should be examined. The detection of reduced
spindle activity as a risk marker for conversion to schizophre-
nia in high-risk individuals and during the prodromal period
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would allow treatment of this deficit. In schizophrenia patients,
treatment of the spindle deficit could potentially reduce the clin-
ical, neurocognitive, and functional consequences of illness. In
summary, we propose sleep spindles as a potential novel endophe-
notype and target for research and treatment development.
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