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Abstract
Sleep and circadian rhythm disruptions commonly occur in individuals with schizophrenia. Stable tubule only polypeptide (STOP) knockout 
(KO) mice show behavioral impairments resembling symptoms of schizophrenia. We previously reported that STOP KO mice slept less and 
had more fragmented sleep and waking than wild-type littermates under a light/dark (LD) cycle. Here, we assessed the circadian phenotype 
of male STOP KO mice by examining wheel-running activity rhythms and EEG/EMG-defined sleep/wake states under both LD and constant 
darkness (DD) conditions. Wheel-running activity rhythms in KO and wild-type mice were similarly entrained in LD, and had similar free-
running periods in DD. The phase delay shift in response to a light pulse given early in the active phase under DD was preserved in KO mice. 
KO mice had markedly lower activity levels, lower amplitude activity rhythms, less stable activity onsets, and more fragmented activity than 
wild-type mice in both lighting conditions. KO mice also spent more time awake and less time in rapid eye movement sleep (REMS) and non-
REMS (NREMS) in both LD and DD conditions, with the decrease in NREMS concentrated in the active phase. KO mice also showed altered EEG 
features and higher amplitude rhythms in wake and NREMS (but not REMS) amounts in both lighting conditions, with a longer free-running 
period in DD, compared to wild-type mice. These results indicate that the STOP null mutation in mice altered the regulation of sleep/wake 
physiology and activity rhythm expression, but did not grossly disrupt circadian mechanisms.

Key words:   microtubule-associated protein; MAP6; circadian rhythms; wheel-running activity; EEG/EMG recording; light/dark cycle; 
constant darkness; light-induced phase shift; activity fragmentation; transgenic mice

Statement of Significance

To understand the disruptions of sleep and circadian rhythms that are often experienced by individuals with schizophrenia, we studied 
the daily rhythms of wheel-running activity and sleep/wake states in the STOP null mouse model of schizophrenia under light/dark cycles 
and constant darkness. As in individuals with schizophrenia, STOP null mice exhibited less sleep, reduced sleep spindles, and fragmented 
activity, compared to wild-type controls. In addition, several aspects of circadian rhythms were altered in STOP null mice, although the 
phase shift response to light was intact. STOP null mice may be a useful animal model for developing therapeutic strategies for improving 
sleep and circadian rhythm disruptions in people with schizophrenia.
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Introduction

Disturbances in sleep and circadian (~24 h) rhythms are char-
acteristic of many neuropsychiatric illnesses, including schizo-
phrenia [1–8]. The sleep and circadian rhythm abnormalities 
associated with schizophrenia include increased sleep latency, 
decreased total sleep amount, and fragmented sleep [9–12], as 
well as unstable or reduced daily rest/activity rhythms and ab-
normal synchronization to lighting cycles [13–15]. Moreover, daily 
rhythms of gene expression in the frontal cortex [16] and the 
periphery [17] are disrupted in individuals with schizophrenia.

There is growing evidence that dysfunctions of cytoskel-
etal microtubules are associated with schizophrenia and other 
neuropsychiatric illnesses [18, 19]. Microtubules are critical for 
the structural integrity of neurons and various cellular pro-
cesses including migration, differentiation, transport of vesicles 
and organelles, and synaptic functions [20]. Many proteins regu-
late these microtubule functions, and one such protein is stable 
tubule only polypeptide (STOP; also known as microtubule-
associated protein 6 [MAP6]), which stabilizes microtubules in 
neuronal somata and axons [21–24] and actin filaments in den-
dritic spines [25]. Thus, STOP plays important roles in lysosomal 
transport [26], calcium signaling [27], synaptic plasticity [21], ol-
factory neurogenesis [28], and axonal tract development [29, 30].

STOP null or knockout (KO) mice show cognitive and behav-
ioral impairments that recapitulate a number of symptoms ob-
served in schizophrenia, and these impairments can be partly 
alleviated by antipsychotic drugs that are used to treat schizo-
phrenia [21, 31, 32]. For example, STOP null mice display dis-
rupted sensorimotor gating (prepulse inhibition) [33], impaired 
learning and memory performance [21, 32–38], disorganized ac-
tivity, and deficits in maternal behavior and social interactions 
[21, 36] (see also Ref. [39]). Currently, little information is avail-
able on the sleep and circadian phenotypes of STOP KO mice. 
Given the prevalence of sleep and circadian rhythm disruptions 
in individuals with schizophrenia, it is important to determine 
whether the STOP null mouse model recapitulates these dis-
turbances in sleep and circadian rhythms.

We recently reported time of day-dependent sleep abnormal-
ities in STOP null mice using EEG/EMG recordings [40]. STOP null 
mice slept less, and had more fragmented sleep and wakeful-
ness, especially in the dark phase of a 12/12  h light/dark (LD) 
cycle, compared to wild-type (WT) littermates. In addition, the 
temporal distributions across the LD cycle of wake, non-rapid 
eye movement sleep (NREMS), and rapid eye movement sleep 
(REMS) as well as NREMS EEG delta power (an index of sleep in-
tensity) were abnormal in STOP null mice [40]. These findings 
are broadly consistent with the sleep patterns reported in indi-
viduals with schizophrenia under their usual living conditions 
[9–12]. The mechanisms underlying these sleep abnormalities in 
STOP null mice are, however, unclear. The time of day-dependent 
effects can be caused by disruption of the circadian system, or 
abnormal synchronization to lighting cycles. These possibilities 
could not be tested in our previous study [40] as the mice were 
housed under an LD cycle, which could mask impaired circadian 
control.

To further investigate the sleep and circadian phenotypes 
of STOP null mice, we conducted two longitudinal experiments 
using the same STOP null and WT mice. In the first experiment, 
we examined the daily rhythms of wheel-running activity (a 
commonly used index for circadian rhythmicity) under a 12/12 h 
LD cycle for 15  days followed by constant darkness (DD) for 

17  days to assess endogenous circadian rhythms. To examine 
the resetting response of the circadian system to light, we pre-
sented a single light pulse early in the subjective night (active 
phase) under DD. In the second experiment, we examined the 
daily rhythms of sleep/wake states in STOP null and WT mice 
by recording EEG/EMG continuously under a 12/12 h LD cycle for 
2 days, followed by DD for 5 days.

Methods

Animals

Adult male STOP null mice and WT littermates at 5 months of 
age on average (range: 3–7 months) at the beginning of the first 
experiment were used. These mice were bred in-house from 
heterozygous breeding mice (C57BL/6 genetic background) ori-
ginally produced by Dr. A. Andrieux [21]. Only males were used 
in the present study as in our previous study [40]. All animals 
were initially housed under a standard 12/12  h LD cycle with 
lights on at 07:00 am [Zeitgeber Time (ZT) 0] in a temperature-
controlled (22 ± 2°C) colony room, with ad libitum access to food 
and water. Animals were genotyped using PCR analyses, as de-
scribed in our previous study [40].

The body weight of each mouse was recorded on the first 
day and on the day following the completion of the entire study 
(including Experiments 1 and 2), and at two time points during 
Experiment 1.

All animal handling procedures followed the guidelines of 
the Canadian Council on Animal Care and were approved by the 
Dalhousie University Committee on Laboratory Animals.

Experiment 1: Wheel-running activity patterns 
under LD and DD conditions

Experimental design
Mice were singly housed in clear polycarbonate cages (35.3 cm 
long × 23.6 cm wide × 19.6 cm high), equipped with a 12.7 cm 
diameter anodized aluminum running wheel (Model 80820, 
Lafayette Instrument Co., Lafayette, IN, USA), with bedding and 
nesting materials. Each cage was placed inside an individual 
cabinet equipped with an incandescent white light (26.9 W) 
that was controlled by a timer to provide the same 12/12 h LD 
cycle as in the animal colony room. To aid routine animal care, 
an incandescent dim red light (25 W) in the experimental room 
was kept on continuously throughout the experiment (i.e. under 
both LD and DD conditions). Food and water were available ad 
libitum. The cages and water bottles were changed once a week 
at random times of the day. Cohorts of four mice (two WT and 
two KO mice) were recorded concurrently.

Mice were placed under a 12/12 h LD cycle for 15 days, fol-
lowed by DD for 17 days. To examine light-induced phase shifts 
(delays) in wheel-running activity rhythms, on the third day of 
DD the cabinet light was turned on for 1 h [13, 41, 42] early in the 
subjective night (at ~circadian time 14). The timing was based on 
the onset of darkness under LD (ZT12), given that free-running 
periods shown during the first 3 days of DD were very close to 
24 h (Figure 1).

At the end of the experiment, mice were returned to the 
animal colony to be housed singly under a 12/12 h LD cycle for at 
least one week before implantation of EEG/EMG electrodes (see 
below).
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Data acquisition and analysis
Wheel-running activity was recorded continuously in 10  min 
bins using the AWM software (Lafayette Instrument Co.). 
Actograms were generated using the ActogramJ plugin of ImageJ 
(NIH, Bethesda, MD, USA).

We analyzed the following activity parameters: daily pattern 
of activity (distance traveled in m/10 min bin) over the last 7 or 
8  days in LD, and the daily total activity (distance traveled in 
km/day) over the last 7 or 8 days in both LD and DD. The total 
distance traveled in DD was calculated over a circadian cycle 
after correcting for the free-running (endogenous) period (tau) 
in each animal. The subjective night in DD was defined as the 
half of a circadian cycle from CT12 to CT24, with CT12 deter-
mined by fitting a line visually through the activity onsets over 
the last 7 or 8 days of DD.

The day-to-day variability in the onset of activity under LD 
(a measure of the precision of daily rhythms under LD) was de-
fined as the standard deviation of daily activity onsets [43] rela-
tive to the start of the light phase over the last 7 or 8 days of LD. 
Activity onset was defined as the start of the first 10 min bin in 
which activity was greater than or equal to 10% of peak daily 
activity and followed by one out of the next two bins having at 
least 10% of peak activity. The results of applying this criterion 
were similar to those from fitting a line to onset times visually.

The free-running period of the activity rhythm was meas-
ured over the last 7 or 8  days of DD using the chi-square 
periodogram (ImageJ). To estimate the robustness of daily ac-
tivity rhythms under LD and DD, the periodogram amplitude 
was measured as the value in arbitrary units (au) at the top 
of the periodogram curve (Qp value) [43, 44] in both lighting 
conditions.

The amplitudes of daily activity rhythms were calculated 
over the last 7 or 8 days in both LD and DD using a cosinor ana-
lysis [45] (https://cosinor.online/app/cosinor.php [46]).

The number of activity bouts per day was counted over the 
last 7 or 8  days in both LD and DD. An activity bout was de-
fined as a period of activity (>1 wheel rotation) lasting 10 min 
or longer that was preceded by a period of no activity for 10 min 
or longer. The number of activity bouts in DD was obtained over 
a circadian cycle after correcting for each animal’s period. The 
mean duration (min) of each bout and the mean distance trav-
eled (km) per bout were also calculated.

To quantify the phase-shifting response to light pulses, a re-
gression line was fitted by eye through the activity onsets over 
the 3 days of DD prior to the light pulse, and then extrapolated 
to the first day after the light pulse. Another line was drawn 
through the activity onsets for the 7 or 8 days of DD after the 
light pulse, excluding the first day after the light pulse [47]. The 
phase shift was measured as the time difference (h) between the 
projected onsets on the first day after the light pulse as extrapo-
lated from these fitted lines. All analyses were conducted blindly 
with respect to genotypes.

Experiment 2: Sleep/wake patterns under LD and 
DD conditions

Implantation of EEG and EMG electrodes
To record sleep/wake states, mice were surgically implanted 
with EEG/EMG electrodes under 1–2% isoflurane anesthesia as 
described previously [40]. For EEG recordings, two stainless steel 
screws were implanted epidurally, one above the frontal cortex 
(1 mm rostral to bregma, 1 mm to the right of the midline) and 
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Figure 1.  Wheel-running activity in 12/12 h light/dark (LD) and constant darkness (DD) conditions in wild-type (WT) and stable tubule only polypeptide (STOP) knockout 

(KO) mice. Examples of double-plotted actograms are shown for a WT (A) and two KO (B and C) mice. Wheel-running activity was recorded in an LD cycle for 15 days 

(days 1–15), followed by DD condition for 17 days (days 16–32). On the third day in DD (day 18), a 1h light pulse (white asterisk on the left of each panel) was given early 

in the subjective night (active phase), at approximately circadian-time 14. Successive 24 h intervals are plotted from top to bottom (days 1−32) on the left of each panel, 

and the data are replotted on the right, offset upward by 1 day to provide continuous 48 h records of activity. Vertical black bars on each line represent 10 min bins of 

wheel-running activity, with the height of the bars corresponding to the number of wheel rotations. The scales for panels (B) and (C) were set to lower maximum values 

than for panel (A) to improve visualization of the lower activity levels of the KO mice. The gray shading indicates lights-off intervals (in both LD and DD).

https://cosinor.online/app/cosinor.php
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the second above the parietal cortex (2.5 mm caudal to bregma, 
1 mm to the left of the midline). A third screw was placed over 
the cerebellum for grounding and a fourth screw was placed 
over the parietal cortex contralaterally to the parietal EEG screw 
for additional anchoring. For EMG recordings, two fluorocarbon-
coated, stainless steel wires were inserted into the nuchal 
muscles. All electrodes were connected to a small plastic con-
nector (Plastics One, Roanoke, VA, USA), which was secured to 
the skull with dental cement. After surgery, mice were given s.c. 
injections of an analgesic (Anafen, 5 mg/kg) and an antibiotic 
(Baytril, 2.5 mg/kg), and an i.p. injection of warm sterile lactated 
Ringer’s (1 mL). The antibiotic was also administered for 1 week 
via drinking water (45.4 mg/250 mL bottle of drinking water).

Experimental design
Seven to 10 days following surgery, each mouse was placed in a 
clear Plexiglas cage (38 cm long × 30 cm wide × 30 cm high; no 
running wheels), with bedding and nesting materials. The cage 
was placed inside an individual recording chamber equipped 
with an incandescent white light (26.9 W) controlled by a timer 
to provide the same 12/12 h LD cycle as in the animal colony 
room and as in Experiment 1. In the experimental room, an in-
candescent dim red light (25 W) was kept on continuously to aid 
animal care, as in Experiment 1. Food and water were available 
ad libitum. The next day, mice were briefly anesthetized (2%–4% 
isofluorane) and connected to lightweight recording cables. After 
7−11 additional days of habituation, EEG and EMG were recorded 
continuously for 2 days under LD, followed by 5 days under DD.

Data acquisition and analyses
EEG and EMG signals were amplified (×5,000), band-pass filtered 
(EEG, 0.1–100 Hz; EMG, 10–100 Hz), digitized (sampling rate at 256 
Hz), and stored in a computer using SleepSign software (Kissei 
Comtec, Irvine, CA, USA). Recordings were automatically scored 
offline (SleepSign) in 10 s epochs, with each epoch classified as 
wake (low voltage, high frequency EEG; moderate to high amp-
litude EMG), NREMS (high voltage, low frequency EEG; low amp-
litude EMG), or REMS (low voltage, high frequency EEG; very low 
amplitude EMG indicating atonia, with sporadic spikes indica-
tive of muscle twitches). The automatic scoring was visually in-
spected and corrected when appropriate, blindly with respect 
to genotype.

The following parameters were calculated in both LD and 
DD. The amounts (min) of wake, NREMS, and REMS were cal-
culated in 2, 12, and 24  h intervals in LD or corresponding 
circadian-time intervals in DD after correcting for each animal’s 
period. The number of episodes (lasting 10  s or longer) and 
mean duration of episodes for wake, NREMS, and REMS were 
calculated in 12 h intervals in LD or over each half of a circadian 
cycle in DD.

EEG power spectra during wake, NREMS, and REMS were 
computed in 0.5 Hz bins between 0.5 and 50 Hz using a fast 
Fourier transform (FFT; Hanning window, 2  s). To account for 
interindividual variability caused by differences in absolute EEG 
power between animals, the EEG power values were normalized 
and expressed as a percentage of the total EEG power (0.5−50 
Hz) over all three behavioral states, as in our previous study [40] 
and examined in 12 h intervals in LD or the subjective day and 
night halves of a circadian cycle in DD. The relative contribution 
of each sleep or wake state to the total power was weighted in 
each animal, as in our previous study [40].

We also examined the daily patterns of relative power values 
in the delta band in the NREMS EEG. Power values were averaged 
over a 10 s epoch, and the mean value at 2 h intervals in LD or 
corresponding circadian-time intervals in DD was normalized to 
the 48 h LD average level in each animal. Epochs containing re-
cording artifacts were visually identified and excluded from the 
EEG spectral analyses.

The free-running periods of sleep/wake rhythms were meas-
ured using the chi-square periodogram analysis (ImageJ), which 
was applied to wake amounts [48] in 10 min bins over the 5 days 
of DD. The onset of the subjective day (= circadian time 0) for the 
first circadian cycle was set at 07:00 am (i.e. the beginning of the 
light phase in the previous LD cycle).

The amplitude of daily sleep/wake rhythms was obtained 
using two methods: peak-to-trough amplitude calculation [49] 
and cosinor analysis [50]. The daily peak-to-trough amplitude 
(min) for each behavioral state was determined by calculating 
the difference between the maximum and minimum values 
over 2  h intervals for each 24  h period in LD, or over corres-
ponding circadian-time intervals for each circadian period in 
DD, and averaging the maximum–minimum difference across 
the 2 days of LD or 5 days of DD.

To determine daily amplitudes using cosinor analysis (https://
cosinor.online/app/cosinor.php [46]), the amount of each behav-
ioral state was averaged in 2 h intervals over the 2 days of LD, 
or corresponding circadian-time intervals over the 5 days of DD.

Statistical analyses

Statistical analyses were conducted using Statview 5.0 (SAS 
Institute Inc., Cary, NC, USA) and IBM SPSS Statistics 21.0 (IBM 
Corp., Armonk, N.Y., USA) software. Comparisons between WT 
and STOP null mice were conducted using unpaired, two-tailed 
t-tests, or Bonferroni post hoc tests following two-way repeated-
measures analysis of variance (ANOVA). When required, a loga-
rithmic transformation was used to normalize the data and 
stabilize the variance. p values <0.05 were considered statistic-
ally significant.

Results
Statistics and p values are reported in Supplementary Table S1. 
Body weights are reported in Supplementary Tables S2 and S3.

Experiment 1: Wheel-running activity patterns 
under LD and DD conditions

One KO mouse died unexpectedly early during the experiment; 
thus, a total of 14 WT and 13 STOP KO mice were included in the 
analyses for the LD condition. The analyses for the DD condition 
were based on 13 WT and 12 KO mice, after excluding one WT 
mouse due to development of unusual and irregular activity, and 
another KO mouse due to technical problems. Activity measures 
were averaged over the last 7 or 8 days of LD and DD. Examples 
of actograms throughout the experiment in representative ani-
mals of the two genotypes are shown in Figure 1.

Wheel-running activity in all WT and KO mice was robustly 
entrained to the LD cycle, with activity occurring mainly during 
the daily dark phase (~97% of the total daily activity amount in 
both genotypes; Figures  1 and 2A). Activity rhythms persisted 

https://cosinor.online/app/cosinor.php
https://cosinor.online/app/cosinor.php
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
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Figure 2.  Daily patterns of wheel-running activity in WT (gray lines or white bars) and KO (black lines or bars) mice in 12/12 h light/dark (LD) and constant darkness 

(DD) conditions. (A) Left: The group profiles of distance traveled over the 24 h LD cycle. The time of day is indicated as Zeitgeber Time (ZT), with ZT12 corresponding to 

the onset of the dark phase. The white horizontal bar indicates the light period and the black bar indicates the dark period. Right: The distance traveled in the 12 h dark 

phase in LD, expressed as a percentage of total 24 h activity, and in the subjective night in DD, expressed as a percentage of the total activity over a circadian cycle (right). 

(B) The free-running period of wheel-running activity rhythms, using the chi-square periodogram, in DD. (C) The amplitude of daily wheel-running activity rhythms, 

as measured by a cosinor analysis, in LD and DD. (D) Periodogram amplitude, as measured by chi-squared periodogram analysis, in LD and DD (a lower amplitude in-

dicates reduced rhythm stability). (E) Day-to-day variability of onsets (minutes) of wheel-running activity, expressed as the standard deviation (SD) of activity onsets (a 

greater SD indicates a lower precision of activity onsets). (F) The magnitude of phase delays (hours) to a 1 h light pulse given at approximately circadian-time 14 in DD. 

Activity measures were averaged in each animal over the last 7 or 8 days of LD (days 8–15) or DD (days 25–32), after wheel-running had stabilized, and then averaged 

across all animals in each genotype. Data are shown as means + SEM. LD condition: WT, n = 14; KO, n = 13. DD condition: WT, n = 11 or 13; KO, n = 8 or 12 (see Results for 

the explanation of reduced n’s in DD) *p < 0.05 versus WT (two-tailed, unpaired t-tests).
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in DD in both genotypes (Figure 1). However, while all WT mice 
maintained robust and relatively stable circadian rhythms of ac-
tivity under DD (e.g. Figure 1A), circadian rhythms in KO mice 
were much more variable, ranging from relatively stable (e.g. 
Figure 1B) to less coherent rhythms (e.g. Figure 1C). The propor-
tion of activity occurring during the subjective night under DD 
was significantly lower in KO than WT mice (Figure 2A, right). On 
average, free-running activity periods were slightly shorter than 
24 h in both WT (23.79 ± 0.07 h) and KO mice (23.97 ± 0.11 h), with 
no significant genotype differences (Figure 2B).

Three parameters of daily activity rhythms differed be-
tween genotypes in LD, and the genotype differences persisted 
under DD. Specifically, the amplitude of daily activity rhythms 
was much lower in KO than WT mice in both LD (−91%) and DD 
(−95%; Figure 2C). Likewise, the periodogram amplitude was re-
duced in KO mice in both LD (−51%) and DD (−63%; Figure 2D 
and Supplementary Figure S1), indicating reduced rhythm ro-
bustness under both lighting conditions in KO mice. In addition, 
the variability of the onset of daily activity was greater in KO 
than WT mice (Figure 2E), reflecting reduced precision of rhythm 
entrainment under LD in KO mice.

Total daily activity (indexed by distance traveled) was re-
duced by ~90% in both LD and DD in KO mice compared to WT 
mice (Figure 3A). In addition, activity patterns were severely frag-
mented in KO mice, characterized by more frequent (Figure 3B) 
and shorter (Figure 3C, left) activity bouts that covered a shorter 
distance (Figure 3D) under both lighting conditions.

To further examine the ability of KO mice to maintain 
periods of activity during LD and DD, we calculated the fre-
quency distribution of bout durations. KO mice generated more 
short and mid-length bouts (10/20–150  min) and fewer long 
bouts (>320 min) than WT mice under both lighting conditions 
(Figure 3C, right).

Light-induced phase shifts
 To assess the phase-shifting effect of light, on the third day in 
DD mice were exposed to a 1 h light pulse at approximately cir-
cadian time 14, a time when light is expected to cause a phase 
delay [51]. After excluding four mice that showed large (>3  h) 
phase shifts in activity onset under DD prior to the light pulse, 
three mice due to technical problems, and one mouse in which 
activity onsets were too imprecise to assess, phase-shifts were 
analyzed in 11 WT and 8 KO mice.

As shown in Figure  2F, the light pulse induced phase de-
lays in activity rhythms in both WT (1.33 ± 0.11 h) and KO mice 
(1.35 ± 0.17 h), with no significant genotype difference.

Experiment 2: Sleep/wake patterns under LD and 
DD conditions

Five mice were not included in this study because of poor re-
covery from surgery, illness, or technical problems with EEG re-
cordings, thus leaving 12 WT and 12 KO mice in the analyses 
of sleep/wake parameters for both LD and DD conditions. For 
the FFT analyses of the EEG, one WT and one KO mouse were 
excluded due to EEG signal deterioration over time (although 
the signal was adequate for sleep/wake parameter analyses), 
leaving 11 WT and 11 KO mice. Sleep/wake parameters were 
averaged over 2 days of LD and 5 days of DD.

Consistent with their wheel-running activity rhythms 
(Experiment 1), the sleep/wake states of all WT and KO mice were 
robustly entrained to the LD cycle, with more sleep occurring 
during the daily light phase in both genotypes (Figures 4A−C and 
5). Both genotypes maintained circadian sleep/wake rhythms 
over the 5 days of DD (Figure 4A−C). Similarly to wheel-running 
activity rhythms, free-running sleep/wake periods were slightly 
shorter than 24 h in both KO (23.82 ± 0.09 h) and WT mice (23.50 ± 
0.12 h; Figure 6A). In contrast to activity rhythms for which there 
was a weak trend toward longer periods in KO as compared to 
WT mice (experiment 1), free-running sleep/wake periods were 
significantly longer in KO than WT mice (Figure 6A).

Daily peak-to-trough amplitudes were significantly greater 
in KO than WT mice for wake (Figure 6B) and NREMS amounts 
(Figure 6C) in both LD and DD conditions. However, no signifi-
cant genotype difference was found for REMS rhythm amplitude 
in either condition (Figure  6D). Similar results were obtained 
when circadian amplitudes were determined using cosinor ana-
lyses (Supplementary Figure S4A−C).

In general, there were genotype differences in sleep/wake 
state parameters under LD, and similar genotype differences 
were observed under DD. Thus, wake amounts were higher in 
KO than WT mice in both LD (+11% over 24 h) and DD (+15% over 
a circadian cycle; Figure 5A). Both NREMS (Figure 5B) and REMS 
amounts (Figure 5C) were reduced in LD and DD in KO relative 
to WT mice.

The genotype differences for wake and REMS amounts oc-
curred during both the inactive and active phases in both 
lighting conditions (Figure  5A and C, respectively). Significant 
differences between genotypes were found for NREMS amounts 
only during the dark phase in LD and subjective night in DD 
(Figure 5B).

The changes in sleep and wake amounts in KO mice were 
associated with changes in sleep architecture. The increase 
in wake amounts in KO mice was accompanied by a trend to-
ward longer wake episodes in LD and significantly longer epi-
sodes in DD (Supplementary Figure S2B). The decrease in NREMS 
amounts in KO mice was associated with a tendency for shorter 
NREMS episodes in both lighting conditions (Supplementary 
Figure S2D). Unlike NREMS, reduced REMS amounts in KO mice 
were accompanied by significantly less frequent REMS episodes 
in DD (Supplmentary Figure S2E) and shorter REMS episodes in 
LD and DD (Supplementary Figure S2F).

To further examine the ability of KO mice to maintain sleep 
and wake in LD and DD, we calculated the frequency distri-
bution of episode durations, as in our previous study [40]. KO 
mice generated more mid-length (80–1270 s) and long (>1280 s) 
wake episodes than WT mice in DD, with a similar trend in LD 
(Supplementary Figure S3A). Despite their increased frequency, 
these long wake episodes accounted for a smaller proportion of 
the total time spent awake in KO than WT mice during the ac-
tive phase in both lighting conditions (inserts in Supplementary 
Figure S3A). In addition, KO mice generated fewer long REMS 
episodes (>80 s), which accounted for a smaller proportion of 
the total time spent in REMS, compared to WT mice in both LD 
and DD (Supplementary Figure S3C). No significant genotype 
differences were found for the frequency of NREMS episodes 
of any duration in either lighting condition (Supplementary 
Figure S3B).

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
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Figure 4.  Daily sleep/wake rhythms in 12/12 h light/dark (LD) and constant darkness (DD) conditions in WT (blue circles) and KO (red circles) mice. Time courses of the 

amounts (minutes) of wake (A), non-rapid eye movement sleep (NREMS: B), and rapid eye movement sleep (REMS: C), and normalized NREMS electroencephalogram 

(EEG) delta (0.5–4 Hz) power (D) in 2 h intervals across the 2 days of LD (left) and 12 circadian-time intervals across the 5 days of DD (right). White horizontal bars indicate 

the light periods in LD, black bars indicate the dark periods in LD or subjective nights in DD, and gray bars indicate the subjective days in DD. Under DD, the time of day 

is indicated as Circadian Time (CT), with CT12 corresponding to the onset of the subjective night. In (D), EEG power was normalized to the 48 h average in LD. Data are 

shown as means ± SEM. WT, n = 12 (except n = 11 in D). KO, n = 12 (except n = 11 in D). The p values for Genotype × Time interactions are indicated at the top left of each 

panel. *p < 0.05 versus WT (Bonferroni post hoc t-tests after significant Genotype × Time interactions in repeated ANOVAs).



Deurveilher et al.  |  9

EEG parameters
We examined relative EEG power values (%  of all-state total 
power) in each sleep and wake state, as in our previous study 
[40]. In general, genotype differences in EEG spectra were ob-
served in wake and REMS in DD and not in LD. Specifically, KO 
mice showed a greater relative power in slow and intermediate 
frequency ranges in both wake and REMS EEGs under DD 
(Figure 7A and C, right), while there were no significant genotype 
differences in NREMS EEG under either DD or LD (Figure 7B).

Three additional EEG parameters were examined, as in our 
previous study [40]. First, the ratio of power in high-to-low theta 
frequency bands (7–9 Hz/5–7 Hz) during wakefulness, which is 
a measure of cortical activation [52, 53], was significantly re-
duced in KO mice under both LD and DD (Figure 8A), suggesting 
reduced EEG arousal levels in KO mice in both lighting condi-
tions despite increased wake amounts (see above). Second, delta 
power (0.5–4 Hz) in the NREMS EEG (% of total power in NREMS), 
which is a commonly used measure of sleep intensity or homeo-
static sleep need [54], did not differ significantly between geno-
types in either LD or DD (Figure 8B), nor were there significant 
genotype differences in the amplitude of NREMS delta power 
rhythms (% of 48 h LD average level) for either lighting condi-
tion (Figures  4D and Supplementary Figure S4D). Third, NREM 
sleep spindles, which have been suggested to play a role in 
sleep-dependent memory consolidation [55], were examined by 
analyzing the relative power (% of total power in NREMS) in the 
sigma band (10–12 Hz), which corresponds to the frequency of 
sleep spindles in mice [56]. Sigma power during NREMS was sig-
nificantly reduced in the subjective day in DD, and there was 
a trend toward a decrease in the light phase in LD in KO mice 
(Figure 8C).

Discussion
We found that STOP null mice differed from WT mice in their 
daily rhythms of wheel-running activity and sleep/wake states 
under both LD and DD conditions. Specifically, based on wheel-
running activity, KO mice had a lower daily rhythm amplitude 
than WT mice under both lighting conditions. Their average 
free-running circadian period did not differ significantly from 
that of WT mice, and the light-induced phase delay response 
was preserved. EEG recordings showed that the amplitude of 
daily rhythms in wake and NREMS amounts in STOP null mice 
was greater than in WT mice under both LD and DD conditions, 
contrary to the results with wheel-running activity rhythms. 
Their free-running sleep/wake circadian periods were also 
longer than those in WT mice. These results suggest that the 
basic features of the circadian system in STOP null mice are 
essentially intact but that the circadian control of wakeful-
ness and NREMS is altered in the absence of a functional STOP 
protein.

Altered circadian wheel-running activity patterns in 
STOP null mice

STOP null mice synchronized their wheel-running activity 
rhythms to an LD cycle, although their activity levels were gen-
erally low, with the amplitude of their rhythms at only about 
10% that of WT mice. When released into DD, WT mice main-
tained the same activity rhythm amplitude, while STOP null 

mice showed a further amplitude decrease from the LD con-
dition. These results indicate that the LD cycle reinforced the 
daily rhythms of KO mice, perhaps by exerting masking effects 
on their activity. In addition, STOP null mice showed greater 
heterogeneity than WT mice in the stability of circadian activity 
rhythms under DD, ranging from relatively stable (e.g. Figure 1B) 
to less coherent rhythms (e.g. Figure 1C). Similarly, heterogen-
eity in circadian rhythm stability has been reported among indi-
viduals with schizophrenia [14, 15].

The free-running period of activity under DD was similar in 
STOP null and WT mice. This result suggests that circadian clock 
mechanisms are intact in STOP null mice. Similarly, no change 
in free-running activity period under DD was reported in sev-
eral mouse models related to schizophrenia; blind-drunk [13] and 
Sandy [57] null mice, mice lacking Group II metabotropic gluta-
mate receptors 2 and 3 [58] or Pallidin [59], and mice expressing 
human Disrupted in Schizophrenia 1 (DISC1) [60]. Although 
activity levels can influence the free-running activity period 
through locomotor activity feedback to the suprachiasmatic 
nucleus [61], in the present study the genotype differences in 
levels of activity did not appear to affect circadian timing in 
these mice.

STOP null mice responded normally with phase delays to a 
light pulse presented early in the subjective night under DD and 
showed stable entrainment to LD cycles, despite more variable 
activity onset at the beginning of the dark phase than in WT 
mice. Although these results address only some aspects of cir-
cadian organization and light responsiveness, they suggest that 
STOP null mice have intact circadian systems. Together, these 
results suggest that the differences in sleep organization in KO 
and WT mice (present study and our previous study [40]) are not 
a direct consequence of differences in their core circadian clock 
mechanisms or photic input pathways.

Reduced and fragmented wheel-running activity in 
STOP KO mice

While rhythmicity was intact, the amount of wheel-running ac-
tivity was strongly reduced in STOP null mice compared to WT 
mice in both LD and DD. Furthermore, compared to WT mice, 
STOP null mice initiated more but shorter activity bouts, re-
sulting in more fragmented activity patterns. Similar findings 
of reduced and fragmented wheel-running activity in both LD 
and DD have been reported for other mouse models related to 
schizophrenia [13, 58–60]. There are several possible explan-
ations for the reduced wheel-running activity of STOP null 
mice, including lower arousal levels during wake than WT mice 
(present study), impaired muscle function or motor coordin-
ation [30, 33, 62], and potentially reduced motivation for wheel-
running, which is naturally rewarding for most rodents [63].

Contrary to our findings, STOP null mice in LD cycles were 
hyperactive when activity was measured by interruption of in-
frared light beams [21, 31, 33, 64]. It is possible that the STOP 
null mice in this study showed other kinds of activity when they 
were not running in wheels.

Altered sleep architecture and EEG parameters in 
STOP null mice

STOP null mice had lower amounts of NREMS and REMS under 
both LD and DD conditions. The difference from WT mice in 
NREMS amounts was especially marked during the active phase 

http://academic.oup.com/sleep/article-lookup/doi/10.1093/sleep/zsaa237#supplementary-data
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under both lighting conditions and was associated with a trend 
toward shorter NREMS episodes. REMS amounts in KO mice 
were lower than in WT mice during both the inactive and active 
phases under both LD and DD. This reduction was reflected in 
less frequent REMS episodes under DD and shorter REMS epi-
sodes under LD and DD, suggesting a reduced capacity or need 
to initiate, and especially to maintain, REMS. Overall, the alter-
ations in sleep/wake in STOP null mice under LD were similar 
under DD, indicating that they were not related to abnormalities 
in photic entrainment or masking effects of light.

STOP KO mice showed more relative EEG power than WT 
mice for low and intermediate frequency bands during both 
wakefulness and REMS under DD but not LD. The significance 
of this finding is unclear. Despite these alterations, the EEG 
spectra profiles that are characteristic of each state were main-
tained in KO mice in both lighting conditions, suggesting that 
the observed changes in sleep/wake amounts were not a result 

of distorted patterns of cortical EEG activity that could impact 
behavioral state criteria.

We confirmed our previous finding [40] that STOP null mice 
slept less under LD than WT mice, which is consistent with be-
havioral observations of reduced sleep in STOP null mice [21]. 
Increased nocturnal activity, implying reduced sleep, has also 
been observed under LD and DD in the Egr3 mouse model of 
schizophrenia using piezoelectric monitoring of gross motor ac-
tivity [65]. Reduction in sleep defined by EEG [60] or immobility 
[58, 59] has also been found under LD in other mouse models 
related to schizophrenia. In addition, we confirmed a reduction 
in both the ratio of power in high-to-low theta frequency bands 
during waking and sigma power during NREMS in STOP null 
mice under LD [40]. These results suggest that, despite consist-
ently longer durations of wake and reduced amounts of sleep 
under both lighting conditions, EEG features associated with 
greater arousal are diminished in KO mice relative to WT mice.
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The sleep/wake state and EEG parameters in WT and STOP 
null mice under LD in the present study were generally within 
the ranges reported in our previous study [40]. In contrast to 
our previous study, however, we did not find higher numbers 
of wake and NREMS episodes in KO than WT mice, perhaps be-
cause the WT mice in this study showed twice as many wake 
and NREMS episodes as in our previous study [40]. The reason 
for this difference is unknown but may be related to the fact 
that the mice in this study were older (starting at 18−34 weeks, 
as opposed to 12−16 weeks, of age) or were exposed to constant 
dim red light throughout the study.

The neural mechanisms underlying sleep/wake and EEG 
abnormalities in STOP null mice may include previously re-
ported abnormalities in neurotransmitter systems and 
synaptic plasticity that are also found in patients with schizo-
phrenia [66, 67]. For example, glutamatergic [21, 68], dopamin-
ergic [31], noradrenergic and serotonergic [69], and cholinergic 
[34] systems are altered in STOP null mice, and many of these 
transmitter systems help promote wakefulness [70]. The dopa-
minergic system, in particular, is thought to be hyperactive in 
STOP null mice [31, 71], and this could increase wake amounts 

in these mice. The other neurotransmitter systems are deficient 
in STOP null mice [21, 31, 34, 68, 69]. How this would lead to 
increased wake is unclear. However, both noradrenergic and 
serotonergic systems are known to provide inhibitory inputs 
to wake-promoting orexin (hypocretin)-containing neurons [72, 
73]. Thus, the reduction of this inhibition could contribute to the 
increased wake in STOP null mice. These mice also show defects 
in synaptic plasticity [21, 32], and this could alter sleep and EEG 
patterns. Further studies are needed to clarify any link between 
the neurochemical and synaptic plasticity abnormalities and 
sleep and EEG abnormalities in STOP null mice.

Altered circadian sleep/wake patterns in STOP 
null mice

Circadian free-running periods were similar in both genotypes 
when assessed using wheel-running activity, but KO mice had 
significantly longer periods when measured using sleep EEG 
recordings. The lack of genotype difference based on wheel-
running activity might reflect feedback effects of wheel-running 
activity on circadian periods [74–76], or measurement error 
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Figure 7.  Relative EEG power spectra in wake (A), NREMS (B), and REMS (C) during the 12 h light and 12 h dark phases averaged over the 2 days of LD (left) and the sub-

jective day and night averaged over the 5 days of DD (right) in WT (blue lines) and KO (red lines) mice (n = 11/genotype). EEG power was normalized to total EEG power 

(0.5–50 Hz) over all sleep/wake states in each animal, and the mean values (±SEM) were plotted in 0.5 Hz bins. The relative contribution of each behavioral state to 

total power was weighted in each animal. The p values for Genotype × Bin interactions are indicated at the top left of each panel. Black bars along the X-axis indicate 

intervals for which EEG power differed significantly between the two genotypes (p < 0.05 versus WT, Bonferroni post hoc t-tests). For wakefulness, significant genotype 

differences were found for 0.5, 4.5−7.5, and 19−40 Hz during the subjective day, and for 0.5−1, 4.5−7, and 19−43 Hz during the subjective night. For REMS, significant 

genotype differences were found for 1−2.5, 5−6, and 23.5−43 Hz during the subjective day, and for 0.5−3, 5−6.5, and 23.5−45 Hz during the subjective night.
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resulting from the sparse running activity of KO mice. In add-

ition, the low amounts of wheel-running by KO mice might have 

contributed to their reduced activity rhythm amplitudes in both 

LD and DD, but KO mice had greater rhythm amplitudes for wake 

and NREMS amounts when measured using EEG recordings. The 
discrepancy in the direction of change in daily rhythm ampli-
tude may be related to the use of the different methods to assay 
circadian function (wheel-running activity vs. sleep EEG record-
ings). Since mice did not have access to an activity wheel during 
sleep EEG recordings, we cannot assess whether this discrep-
ancy was related to wheel availability. The genotype differences 
in daily rhythm amplitude based on EEG recording appear to be 
driven by longer wake durations and shorter NREMS durations 
in KO than WT mice during their active phases in both lighting 
conditions, but not during rest phases (see Figures 4A and B and 
5A and B).

Thus, genotype differences in wake and NREMS amounts 
were circadian-phase dependent. This finding suggests that 
the STOP null mutation altered either circadian regulation of 
these variables or how the circadian system interacts with their 
homeostatic sleep regulation. The fact that REMS amounts were 
uniformly lower in KO than WT mice across circadian phases 
(Figures 4C and 5C), suggests that changes in the way homeo-
static regulation of different sleep stages interacts with circa-
dian regulation is a more likely explanation.

Methodological limitations

Using wheel-running activity as an assay of circadian function 
has the advantage of allowing precise estimates of entrainment 
phase and of phase-shifts in response to external events in DD. 
However, wheel running also carries limitations related to the 
possible impacts of the STOP null mutation on arousal, mo-
tivation, and motor function. In addition, wheel running itself 
can influence sleep and its circadian expression [74–76]. Future 
studies of gross motor activity would be useful to address these 
potential confounding factors.

Another limitation on interpretation of these results is that 
the STOP null mutation is global and present throughout devel-
opment, so its effects may not be related exclusively to imme-
diate impacts of the mutation on sleep and circadian regulation 
in adult mice. Genetic and developmental compensatory mech-
anisms may occur, and there may be differences in maternal 
care of mutant mice, which could contribute to functional dif-
ferences as adults.

Conclusions
We characterized circadian patterns of activity and sleep/wake 
states in the STOP null mouse model of schizophrenia in both 
LD and DD conditions. Many sleep and circadian abnormal-
ities observed in STOP null mice were consistent with those 
seen in individuals with schizophrenia, including reduced sleep 
amounts and NREMS sigma power, reduced activity levels and 
activity rhythm amplitude, and fragmented activity. STOP null 
mice might therefore be a useful animal model for studying the 
link between sleep and circadian disruptions and microtubule 
dysfunction in neuropsychiatric illnesses and for developing ef-
fective pharmacotherapies for these conditions.
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