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Abstract

Up to 80% of people meeting DSM-IV definitions for schizophrenia will exhibit difficulties with 

sleep along with a breakdown in circadian entrainment and rhythmicity. The changes to the sleep 

and circadian systems in this population are thought to be interdependent, as evidenced by the 

frequent use of the combined term “sleep and circadian rhythm disruption” or “SCRD” to describe 

their occurrence. To understand links between sleep and circadian problems in the schizophrenia 

population, we analyzed the duration and rhythmicity of sleep behavior in mice lacking function 

of the immediate early gene early growth response 3 (Egr3−/−). EGR3 has been associated with 

schizophrenia risk in humans, and Egr3-deficient mice display various features of schizophrenia 

that are responsive to antipsychotic treatment. While Egr3−/− mice slept less than their wild 

type (WT) littermates, they showed no evidence of circadian disorganization; in fact, circadian 

rhythms of activity were more robust in these mice compared with WT, as measured by time series 

analysis and the relative amplitude index of Van Someren’s suite of non-parametric circadian 

rhythm analyses. Differences in circadian robustness were maintained when the animals were 

transferred to several weeks of housing under constant darkness or constant light. Together, our 

results suggest that Egr3−/− mice retain control over the circadian timekeeping of sleep and wake, 

while showing impaired sleep. The findings are compatible with those from a surprising array of 
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mouse models of schizophrenia and raise the possibility that SCRD may be 2 separate disorders in 

the schizophrenia population requiring different treatment strategies.
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Schizophrenia is a severe mental illness with a lifetime prevalence of approximately 1% 

(Eaton et al., 2011). The condition cuts across Western and Eastern cultures and is equally 

common in men and women, providing no simple clues as to its genetic origins, despite 

high rates of heritability in many families (Sartorius et al., 1986). Symptom clusters can 

vary from one person with schizophrenia to the next and can fluctuate within the same 

individual over time (Richard et al., 1996). Diagnostic criteria involve a combination of 

abnormalities within several psychopathological domains, including “positive symptoms” of 

perceptual disturbance (e.g., hallucinations and delusions), “negative symptoms” consisting 

of reductions in the range and intensity of emotional expression (e.g., avolition, anhedonia, 

and alogia), and “cognitive symptoms,” including disorganized thinking and poor executive 

function (reviewed in Chan, 2017). The range of symptoms expressed among individuals 

diagnosed with schizophrenia may arise from differences in genetic background and 

environmental experience during both prenatal development and life (Arnedo et al., 2015; 

Brugger and Howes, 2017).

Despite the heterogeneity observed at the genetic, neurological, and clinical levels, upwards 

of 80% of people meeting DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, 

fourth edition) definitions for schizophrenia exhibit significant difficulties with sleep and 

altered circadian function (Wulff et al., 2010). Characteristic changes in sleep architecture 

and continuity are noted in many patients using polysomnography, with meta-analyses 

identifying longer latency and lower amounts of slow-wave sleep, decreased onset latency of 

rapid-eye movement sleep, reductions in total sleep time and efficiency, and more overnight 

awakenings (Chouinard et al., 2004; Cohrs, 2008; Monti and Monti, 2004). Circadian 

assessments also point to a conserved profile of changes. In particular, phase shifts in 

melatonin—or the systematic breakdown of circadian rhythms in melatonin secretion or 

entrainment—have been reported in individuals with schizophrenia (Bromundt et al., 2011; 

Monti et al., 2013 and references therein; Rao et al., 1994; Wirz-Justice et al., 1997; Wulff 

et al., 2012). Available evidence suggests that these sleep-circadian disruptions (SCRDs) 

are not secondary factors related to antipsychotic treatment, which has sedative effects, or 

irregular daily routines that lack defined schedules of light exposure and social interaction. 

SCRDs tend to precede diagnosis and are equally visible in medicated and medication-

free patients, as well as patients residing in hospital facilities or living as outpatients 

without a regular work schedule (Bromundt et al., 2011; Yang and Winkelman, 2006). 

Results of intervention studies suggest a more central role for sleep-circadian function 

in the emergence and treatment of schizophrenia. Such studies have shown that cognitive-

behavioral therapy to improve sleep quality subsequently reduces the positive and negative 

symptoms of schizophrenia (Hofstetter et al., 2005; Myers et al., 2011). This was found 

in existing patient groups, as well as prospectively in large samples of the general young-
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adult population within an age demographic where schizophrenia symptoms first emerge 

(Freeman et al., 2017).

EGR3 is a member of the early growth response (EGR) family of immediate early gene 

(IEG) transcription factors. The fact that both Egr3 and Egr1 are activated in the SCN 

following nighttime light exposure led to the hypothesis that these genes operate in a 

pathway mediating circadian entrainment to LD cycles (Dziema et al., 2003; Morris et al., 

1998; O’Donovan et al., 1999). Several EGR family genes have also been implicated in 

schizophrenia susceptibility (Marballi and Gallitano, 2018). EGR3, the most prominent of 

these genes, is associated with schizophrenia across multiple populations (Huentelman et 

al., 2015; Kim et al., 2010; Yamada et al., 2007; Zhang et al., 2012) and is expressed at 

reduced levels in patient brains (Mexal et al., 2005; Yamada et al., 2007). Although EGR3 
is not at a locus currently significant at the genome-wide level, it interacts with EGR-family 

proteins EGR1 and its binding protein, NGFIA-binding protein 2 (NAB2; also known 

as EGR-1-binding protein 2), which map to loci identified in the Psychiatric Genomics 

Consortium genome-wide association study that identified 108 loci for schizophrenia. In 

fact, EGR1 and NAB2 both contain the “index” single nucleotide polymorphism (most 

significant SNP) at their respective loci (Schizophrenia Working Group, 2014).

There is a growing consensus that psychiatric illnesses, including schizophrenia, will be 

more fully understood when changes to the sleep and circadian system are taken into 

account (Wulff et al., 2010). Because of the complexity of studying schizophrenia in 

humans, links between SCRDs and schizophrenia-relevant endophenotypes are most easily 

made in rodents, which can be genetically or pharmacologically engineered. To date, 

genetically modified mouse models that misexpress genes linked to schizophrenia risk 

capture a range of various SCRDs (Bhardwaj et al., 2015; Oliver et al., 2012; Pritchett et al., 

2015). In mice overexpressing human DISC1 (disrupted in schizophrenia 1), for example, 

the circadian system remains grossly normal but sleep homeostasis is impaired; DISC1 mice 

stay awake longer than control littermates and demonstrate less slow-wave recovery sleep 

after 2 h of sleep deprivation (Jaaro-Peled et al., 2016).

We have previously characterized the schizophrenia-like behavioral profile of mice that 

lack Egr3 function, and the unique behavioral response of these animals to antipsychotic 

treatment (Gallitano-Mendel, Izumi, et al., 2007; Gallitano-Mendel, Wozniak, et al., 2008; 

Williams et al., 2012). In addition to common mouse schizophrenia endophenotypes (e.g., 

Oliver and Davies, 2009), Egr3-deficient (−/−) mice show attenuated delta-band responses 

to 6-h sleep deprivation resembling the diminished homeostatic sleep drive seen in DISC1 
mice (Grønli et al., 2016). To determine if the sleep abnormalities in Egr3−/− mice were 

possibly related to changes in circadian function, the present study examined 2 cohorts 

of wildtype (WT) and Egr3−/− littermates using PiezoSleep. This non-invasive system 

detects sleep and circadian patterns of arousal with a high degree of accuracy (~90%) 

relative to electroencephalogram/electromyogram recordings (see Supplementary Materials 

for methodological details concerning the PiezoSleep Mouse Behavior System, Signal 

Solutions, Lexington, KY; Donohue et al., 2008; Mang et al., 2014).
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Our first experiment tracked the wake-sleep behavior of female WT and Egr3−/− mice 

housed within the PiezoSleep chambers for 1 week under a 14–10 LD cycle (lights-on at 

0600 PST defined as ZT 0; 200 lux, cool white fluorescent light). Here, Egr3-deficient mice 

slept less than WT littermates (average daily sleep, WT, n = 6, 820 ± 29 min; Egr3−/−, 

n = 7, 743 ± 20 min; average daily wake percentage distribution and break-down of sleep 

duration in the light v. the dark phases are shown in Figure 1). However, relative to WT, 

the animals exhibited more robust circadian patterns of wake activity, as quantified by the 

amplitude of the 24-h periodicity of a Fast Fourier Transform (FFT) across hourly intervals 

of the recording (Mann-Whitney U = 6, n1, WT = 6, n2, Egr3−/− = 7, P = 0.035; WT 

median = 0.049, Egr3−/− median = 0.074). These initial data suggested that manipulations 

of Egr3, like those of DISC1, produce a dichotomy in sleep and circadian function: loss of 

Egr3 interferes with sleep duration and sleep homeostasis (i.e., the accumulation of sleep 

need; Grønli et al., 2016) but does not negatively influence circadian timekeeping.

To scrutinize this dichotomy further, we subjected a second, independent cohort of Egr3−/− 

and WT littermate mice to a 3-mo evaluation period. The min-by-min waking activity of the 

animals was analyzed under entrained conditions (14:10 LD cycle) for 3 weeks, followed 

by 6 weeks of evaluation under free-running conditions—3 weeks each in constant darkness 

(DD) then constant light (LL; 200 lux, cool white fluorescent light) separated by 14 days of 

reentrainment (outlined in the Supplementary Materials and Methods).

Circadian (~24-h) trends in wake behavior were once again evident in Egr3−/− and WT 

mice (summarized in Figures 2, 3, and 4, with representative actograms in Figure 2A and 

Figure 4A). All of these animals free ran under constant conditions and reentrained to 

the LD cycle after extended time in DD. However, quantitative genotypic differences did 

emerge in several circadian measures and in overall wake-related activity. Most of these 

differences were observed irrespective of lighting condition. During the LD cycle, Egr3−/− 

mice displayed significantly stronger circadian oscillations of wake behavior as measured 

by the amplitude of 24-h periodicities in the Lomb-Scargle periodogram (LSP) and FFT 

of the time series data, and cosinor analysis (mean ± SEM, circadian quotient [cosinor 

amplitude/mesor], Egr3−/−, 0.96 ± 0.04, WT, 0.78 ± 0.04; t(12) > 3.25, P < 0.007) (Figure 

2, B-C). The fact that the circadian quotient was larger in Egr3−/− than WT mice suggests 

that the stronger rhythms produced by Egr3 loss were not (simply) a byproduct of general 

hyperactivity; this measure normalizes the cosinor amplitude as a function of the mesor, a 

rhythms-adjusted mean based on the distribution of wake percentage values.

The amplitude and consistency of 24-h diurnal rhythms in humans can be quantified under 

entrained conditions in a subject’s home using a suite of non-parametric circadian rhythm 

analyses (NPCRA) developed by Van Someren (2011). NPCRA operationalizes amplitude 

and consistency with 3 measures: relative amplitude (RA), interdaily stability, and intradaily 

variability (Fernandez et al., 2017). The RA index represents the normalized difference in 

activity counts between the most active 10-h portion of the day (M10) and the least active 

5-h portion (L5) (RA = (M10 – L5)/(M10 + L5)). Interdaily stability estimates how well 

an individual’s rest-activity pattern is replicated from one day to the next in a 24-h LD 

cycle, while intradaily variability estimates how well each day’s activity is consolidated 

(mathematical descriptions of these variables can be found in Van Someren et al., 1999).

Maple et al. Page 4

J Biol Rhythms. Author manuscript; available in PMC 2021 December 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Surveying these measures here, we found that Egr3−/− mice had higher RA indices than WT 

littermates, further suggesting that general hyperactivity does not factor into the enhanced 

circadian robustness of their wake behavior (Egr3−/−RA, 0.44 ± 0.01; WTRA, 0.35 ± 0.01; 

t(12) = 5.48, P < 0.0001). However, interdaily stability and intradaily variability were 

not significantly different, indicating that—despite this amplitude difference—mice of both 

genotypes were similarly able to consolidate waking activity to certain parts of the day and 

to maintain this organization across the entrainment period (interdaily stability, Egr3−/−, 

0.32 ± 0.01, WT, 0.27 ± 0.02; intradaily variability, Egr3−/−, 1.30 ± 0.05, WT, 1.26 ± 0.08; 

ps > 0.05).

Consistent with the finding in the first cohort—that sleep differences between WT and 

Egr3−/− mice were most distinct at the borders of the LD transitions occurring just after 

ZT0 and right before ZT14 of the LD schedule (Figure 1)—phase markers associated with 

wake onset and offset in the second cohort were significantly shifted so as to truncate the 

rest period in Egr3−/− mice (Figure 2D). The average onset of wake behavior in mice 

lacking Egr3 was phase-advanced by 1 h (Egr3−/− onset, ZT 13.0 ± 0.2; WT onset, ZT 

14.1 ± 0.2), while the offset was phase-delayed by about 1 h (Egr3−/− offset, ZT 3.4 ± 

0.2; WT offset, ZT 2.4 ± 0.2; Figure 2D). Other phase markers such as L5onset, which 

estimates the start of the least active 5-h stretch of the day, or M10onset, which estimates the 

start of the most active 10-h stretch of the day, did not distinguish animals with or without 

Egr3 expression (data not shown). However, although the variability of L5onset was not 

significantly different, that of M10onset was significantly lower in Egr3−/− mice (F-test of 

equality of variances, L5onset Variance: F(5,7) = 5.05, P = 0.0933; M10onset Variance: F(5,7) 

= 10.85, P = 0.0184). In keeping with this expansion of the wake period or alpha (Egr3−/−α 
LD, 13.9 ± 0.33 h; WTα LD, 12.0 ± 0.32 h), Egr3−/− mice showed greater wake percentage 

time under entrained conditions as compared with WT littermates (Figure 2E).

The increases in circadian amplitude (LSP24h), alpha, and wake percentage time that were 

noted in Egr3−/− mice under an LD schedule were still evident when the animals were 

transitioned to DD (Figure 3A-C). The free-running rhythm (tau) of nocturnal animals, such 

as mice, often accelerates under DD. However, neither WT nor their Egr3−/− littermates 

conformed to this trend, each revealing a free-running rhythm of wake behavior around 

24 h (WTτ DD, 24.03 ± 0.05 h; Egr3−/−τ DD, 24.15 ± 0.03 h; Figure 3D). The lack of 

tau response might not be too surprising given that the background strain of the WT and 

Egr3−/− mice, C57BL/6, exhibits a relatively long mean tauDD greater than most of the 

values observed from other inbred strains (Schwartz and Zimmerman, 1990). The tauDD 

values in the current study might also have been influenced by the entrainment history of 

the animals (i.e., LD 14:10 instead of 12:12). Previous entrainment to long photoperiods can 

cause “after-effects” in rodents once they are released into DD, including lengthening of the 

free-running period to ≥24 h (Pittendrigh and Daan, 1976).

Under LL, circadian rhythms of wake behavior were severely disrupted in 2 WT mice but in 

none of the mice lacking Egr3. In subsequent analyses, these WT arrhythmic animals were 

removed from consideration of LL’s effects on activity. Among the remaining mice, daily 

recurring intervals of high-percentage and low-percentage wake were still evident (Fig. 4A). 

Egr3−/− mice continued to show more robust circadian patterns of wake behavior relative 
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to WT under LL conditions as they had in LD and DD (Fig. 4B), and—once again—were 

awake for longer stretches of time (Egr3−/−α LL, 10.9 ± 0.59 h; WTα LL, 8.0 ± 0.44 h; 

Fig. 4C). The free-running rhythm of nocturnal animals, such as mice, often slows down 

in LL. Both Egr3−/− and WT mice conformed to this trend (WTτ LL, 25.32 ± 0.15 h; 

Egr3−/−τ LL, 24.93 ± 0.34 h; Fig. 4D). As documented throughout the study, Egr3−/− mice 

had higher-percentage waketime in LL relative to WT controls (Fig. 4E).

Together, our results suggest that Egr3−/− mice retain control over the circadian timekeeping 

of sleep/wake but exhibit several phenotypes that distinguish them from WT animals, 

including increased circadian amplitude, expanded alpha, and more wake-related behavior. 

These phenotypes are equally visible under entrained and free-running conditions and are 

noted in auxiliary analyses of wake-sleep bout duration in Egr3−/− v. WT mice (see Suppl. 

Figure 1). Why global loss of Egr3 should produce this particular cluster of sleep and 

circadian changes is not immediately clear, though one possible mechanism by which 

Egr3 influences sleep homeostasis (and thereby wake-related behavior) might be through 

regulation of one of its target genes, the serotonin (5-HT) 2A receptor (Htr2a). Sleep 

deprivation significantly increases Htr2a mRNA expression in the mouse cerebral cortex in 

an Egr3-dependent fashion (Maple et al., 2015) and, in human brain, significantly increases 

in vivo 5-HT2A receptor binding (Elmenhorst et al., 2012). The Egr3–5HT2A receptor 

signaling pathway is thought to promote recovery sleep after sleep deprivation (Grønli et 

al., 2016; Popa et al., 2005; Terao et al., 2003), and mice lacking 5-HT2A receptors reveal 

similar 24-h patterns of heightened arousal as we find in Egr3−/− mice (Popa et al., 2005). 

The reasons for the impact of Egr3 on the circadian system are even less clear but might 

relate to the mobilization of its expression in central pacemaker neurons following light 

exposure (Porterfield and Mintz, 2009). Whether Egr3 contributes to light’s phase-shifting 

or masking effects remains an open question, though our data raise this possibility given the 

early waking behavior of Egr3−/− mice an hour before lights-off in the LD schedule (i.e., 

weaker negative masking; see Oliver et al., 2012, for another example of this phenotype in 

a different schizophrenia mouse model). Future experiments will be necessary to determine 

how a lack of Egr3 expression in different brain regions might selectively replicate (and 

extend) different aspects of the Egr3−/− sleep-circadian profile and to what extent this 

regulation can be traced to specific clock genes (Franken et al., 2007).

Overall, our findings in the Egr3−/− mouse model are compatible with previous work in 

DISC1 mice (Jaaro-Peled et al., 2016), as well as Grm2/3 double knockouts (Pritchett et al., 

2015), and add to the bourgeoning schizophrenia SCRD literature where there is a growing 

appreciation that—depending on the circumstances—mouse models of schizophrenia can 

show worse, normal, or better consolidation of daily waking activity (Bhardwaj et al., 2015; 

Oliver et al., 2012; Pritchett et al., 2015). Our data, along with the results from mice 

misexpressing other schizophrenia candidate alleles, suggest that the biological mechanisms 

contributing to sleep disruption in people with schizophrenia do not necessarily overlap with 

those responsible for the breakdown of circadian entrainment and rhythmicity. There is the 

possibility that different optimal treatment strategies may be required to sufficiently address 

the two (Franken et al., 2007). As we learn more about sleep in neurological conditions, 

sleep metrics become both a diagnostic and treatment target in the pursuit of precision 
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and personalized medicine. The commonplace use of actigraphy could help identify at-risk 

patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sleep summary. (A) Wake percentage (%) was calculated across a 7-day period and then 

averaged to create a 24-h profile. Wake-Sleep behavior changed across the day in both WT 

and Egr3−/− mice, F(23, 253) = 62.34, P < 0.0001. However, Egr3−/− mice slept less than 

their WT littermates, F(1, 11) = 5.035, P = 0.0464. The negative effect of Egr3 deficiency 

on sleep varied within the 24-h cycle, F(23, 253) = 2.989, P < 0.0001; differences were most 

profound during L/D transitions at zeitgeber time 0 and 14 (Sidak’s multiple comparisons 

test, *P < 0.05). (B) Total sleep time (min) was lower in Egr3−/− mice v. WT controls when 

data were broken-down between the light and dark phases of the LD cycle (F(1, 11) = 5.035, 

P = 0.0464); though, as expected, both groups slept more during the light phase, F(1, 11) = 

1162, P <0.0001. Data are presented as mean ± SEM.
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Figure 2. 
Summary of circadian function in LD. (A) Representative double-plotted actograms taken 

from WT (dark blue labels) and Egr3−/− littermates (cyan labels) housed in LD, then 

DD, over 6 weeks. Black bars indicate episodes where animals are scored >90% awake, 

smoothed over 25 min. For both sets of mice, sustained bouts of wake are consolidated to 

the dark phase of the LD cycle. In DD, this wake behavior freeruns. (B) The amplitudes 

of the major frequency components isolated by the Lomb-Scargle periodogram (LSP) are 

shown for each mouse under study in the second cohort. Spectral analysis indicates that 

24-h patterns of wake behavior are more robust in Egr3−/− v. WT mice (mean ± SEM, 

LD-LSP24h, Egr3−/−, 1635 ± 147, WT, 1032 ± 116). (C) This disparity is noted in 

other assessments of circadian robustness as well, such as the amplitude of the FFT 24-h 

periodicity (FFT24h, Egr3−/−, 0.067 ± 0.006, WT, 0.042 ± 0.005) and the cosinor circadian 

quotient. All ts(12) > 3.1, ps < 0.009. (D) The rest period of Egr3−/− mice (cyan squares; 1 

point = 1 animal) is truncated compared q=with WT littermates (dark blue triangles; 1 point 

= 1 animal) in a 14:10 LD cycle. Wake onsets are phase-advanced and offsets phase-delayed 

by 1 h (ts(12) > 3.20, ps < 0.008). (E) Total amount of time accrued (h) in which each 

minute had >50%, >60%, >70%, >80%, or >90% of its epochs defined as “wake” is plotted 

for each genotype (WT = dark blue; Egr3−/− = cyan). Egr3−/− mice log more waketime 

than WT animals in LD (repeated measures, 2-way ANOVA, main effect of genotype, F(1, 

12) = 17.15, P < 0.002; main effect of wake category, F(4, 48) = 299.9, P < 0.0001).
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Figure 3. 
Summary of circadian function in DD. (A) Amplitude of the peak periodicity of the Lomb-

Scargle periodogram (LSP; power normalized, PN, at tau) in LD (black bars) v. DD housing 

(red bars). Rhythms are more robust in Egr3−/− mice under both lighting regimens (repeated 

measures, 2-way ANOVA, main effect of genotype when comparing LD, DD, and LL 

lighting conditions, F(1, 10) = 8.722, P = 0.0145). (B) The total amount of time accrued, in 

hours, in which each minute had >50% to 90% of its epochs defined as “wake” is plotted 

for each genotype during their time in DD. Similar to their profile in LD, Egr3−/− mice 

log more high-percentage waketime than WT animals (main effect of genotype, F(1, 12) = 

9.882, P = 0.0085; main effect of wake category, F(4, 48) = 234.5, P < 0.0001). (C) During 

DD, the active period is longer in Egr3−/− v. WT controls (Egr3−/−α DD, 15.1 ± 0.35 h; 

WTα DD, 13.5 ± 0.57 h; main effect of genotype when all lighting conditions are compared, 

F(1,10) = 40.49, P < 0.0001). (D) However, tau does not shorten in either group of mice.
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Figure 4. 
Summary of circadian function in LL. (A) Representative double-plotted actograms taken 

from WT (dark blue labels) and Egr3−/− littermates (cyan labels) housed in LL for 3 weeks. 

Wake behavior free runs under LL in mice of both genotypes. (B) Amplitude of the peak 

periodicity of the Lomb-Scargle periodogram (LSP; power normalized, PN, at tau) in LD 

(black bars) v. LL housing (gray bars). Rhythms are more robust in Egr3−/− mice under all 

light schedules tested in the current study (main effect of genotype, F(1, 10) = 8.722, P = 

0.0145). Nevertheless, LL weakens rhythms without regard to Egr3 status (main effect of 

light schedule, F(2, 20) = 6.513, p = 0.0066; genotype × light schedule interaction, F(2, 20) 

= 0.757, P = 0.4820). (C) Length of the active period (alpha) is shortened in LL in mice 

of both genotypes, but more so in WT (main effect of lighting condition, F(2, 20) = 58.03, 

P < 0.0001; main effect of genotype, F(1, 10) = 40.49, P < 0.0001). (D) Tau slows with 

housing under LL in both Egr3−/− and WT mice. (E) The total amount of time accrued, in 

hours, in which each minute had >50% to 90% of its epochs defined as “wake” is plotted for 

each genotype. Even under LL, Egr3−/− mice log more high-percentage waketime than WT 

animals (repeated measures, 2-way ANOVA, main effect of genotype, F(1, 10) = 7.889, P = 

0.0185; main effect of wake category, F(4, 40) = 175, P < 0.0001).
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