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ABSTRACT 

 

Circadian rhythms are approximately 24-hour cycles in behavioral and 

physiological processes, such as sleep/wake cycles and cognition. In mammals, these 

rhythms are endogenously generated and entrained to the external light cycle by the 

primary circadian pacemaker, the suprachiasmatic nucleus (SCN).  A hallmark 

characteristic of SCN neurons is the daily rhythm in the spontaneous action potential 

frequency, with high activity during the day and low activity at night. These SCN firing 

rate patterns are critical for maintaining robust, consolidated behavioral rhythms, and 

persistent changes in SCN neuronal activity are involved light-induced behavioral shifts. 

Many of the ionic components underlying daily and light-responsive changes in SCN 

physiology have been described; however, the mechanism controlling expression of these 

currents is not known. Glycogen synthase kinase 3 (GSK3) is a serine-threonine kinase 

that is an emerging regulator of mammalian circadian rhythms and has been implicated in 

a variety of neurological, neurodegenerative, and psychiatric disorders. In the SCN, 

GSK3 exhibits daily rhythms in activity. This dissertation examines the role of GSK3 

activity in regulating SCN neuronal excitability and photic (light) entrainment of the 

circadian system, using circadian behavioral analysis, immunohistochemistry, real-time 

bioluminescence, and whole-cell electrophysiology in the presence of chronic GSK3 

activation and following pharmacological inhibition of GSK3. In the main chapters we 

show that: 1) loss of rhythmic GSK3 inactivation disrupts behavioral and 
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neurophysiological rhythms in the SCN, 2) GSK3 mediates light-induced SCN 

excitability and phase-resetting, and 3) GSK3 activity regulates SCN neurophysiological 

excitability through modulation of the persistent sodium current.  The results presented 

here expand upon the current understanding of GSK3’s involvement in the circadian 

system, and provide novel insight into the mechanism controlling SCN membrane 

physiology. Because GSK3 has been implicated in numerous clinical disorders which 

also exhibit circadian disruption, a better understanding of the role of GSK3 in circadian 

regulation could lead to new treatment strategies for these disorders in the future. 
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CHAPTER 1 

INTRODUCTION 

Overview of Circadian Rhythms 

 Circadian rhythms are approximately 24 hour cycle in various biological (e.g., 

metabolism, blood pressure) and behavioral processes (e.g., sleep/wake and cognition). 

These daily rhythms, found in nearly all organisms ranging from bacteria to mammals, 

allow for the anticipation of environmental changes associated with the Earth’s rotation. 

Evidence of the advantage provided by this anticipation can be seen even at the single 

cellular level. In cyanobacteria strains with molecular rhythms of varying lengths (such 

as less than, greater than or equal to 24 hours), the strain oscillating at a frequency that 

most closely matched the environmental temperature cycle had the highest survival rate 

(Ouyang et al., 1998). Moreover, the importance of proper circadian functioning in 

humans is highlighted by the far-reaching negative health outcomes associated with 

circadian disruption, including negative impacts on obesity, cancer, and cardiometabolic 

function (Takahashi et al., 2008). Even though circadian rhythms developed as a response 

to environmental cycles, they are endogenously driven and persist under constant 

conditions, thus providing the means of anticipation of regularly-occurring daily events.  

 Perhaps the most obvious, and therefore most commonly studied circadian rhythm 

that exists in animals is the daily cycle in activity levels or sleep/wake (Figure 1). When 

placed into constant dark (DD), mammals exhibit a free-running period length (tau) that 
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is usually slightly less than or greater than 24 hours (Figure 1 (Pittendrigh and Daan, 

1976)). Because these rhythms are not perfectly 24 hours in length, the animal must 

continuously resynchronize its internal clock with the environment through a process 

known as entrainment. Specific environmental stimuli, known as “zeitgebers” (time 

givers), provide time-of-day information used to align endogenous rhythms with the 

external cycle. To effectively synchronize the internal clock to the environment, these 

cues elicit different phase-shifting effects depending on the time of day at which it is 

presented (Daan and Pittendrigh, 1976). By exposing an animal to stimuli such as an 

acute pulse of light or novel running wheel at various points throughout the circadian 

cycle and measuring the direction (i.e., advance or delay) and magnitude  of the 

behavioral phase-shift (ΔΦ), it is possible to construct a phase-response curve for the 

stimuli (Daan and Pittendrigh, 1976).  

 In mammals, multiple cues can act as an entraining signal, including nonphotic 

stimuli such as arousal or novel-wheel induced exercise, but light is the strongest 

zeitgeber (Czeisler, 1995, Golombek and Rosenstein, 2010). Given that the purpose of 

entrainment is to rectify differences between internal and external time, light is 

maximally effective at shifting the clock when presented during the night, when light 

levels would typically be low (Figure 1 (Daan and Pittendrigh, 1976)). Specifically, light 

exposure during the early-night results in a phase-delay (Figure 1- “B”), while light 

exposure in the late-night causes a phase-advance (Figure 1- “C” (Daan and Pittendrigh, 

1976)). In fact, the effect of photic stimuli in the early- and late-night are so robust that 

mice are capable of entraining to a skeleton photoperiod consisting of two short light 

pulses that are separated by long periods of dark (e.g., 1:10:1:12 LDLD, (Pittendrigh and 
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Daan, 1976)). Conversely, exposure to light during the day has little to no phase-shifting 

effects, even when the animal is housed in DD (Figure 1- “A” (Daan and Pittendrigh, 

1976)).  

 At the molecular level, proper circadian timing is controlled by a 

transcriptional/translational feedback loop (TTFL) of well-established core “clock” 

components (Figure 2): the positive regulators, CLOCK (circadian locomotor output 

cycles kaput) and BMAL1 (brain and muscle arnt-like), and the negative regulators, PER 

(period 1-3) and CRY (cryptochrome 1-2) (for review see (Takahashi et al., 2008)). The 

TTFL cycle begins with the complex of CLOCK and BMAL1, which acts as a basic 

helix-loop-helix transcription factor by binding to E-box elements within the promoter 

regions for Per and Cry genes and driving their expression (Ueda et al., 2005). As time 

passes, the proteins products accumulating in the cytoplasm of the cell heterodimerize in 

various combinations of PER1-3 and CRY1-2. These PER/CRY heterodimers then 

translocate back into the nucleus of the cell and interact with the CLOCK/BMAL1 

complex to inhibit their own transcription. Eventually, the PER and CRY proteins are 

degraded, relieving the inhibition on CLOCK and BMAL1, and the cycle starts over.  

Under normal conditions, the cycle takes approximately 24 hours to complete; 

however, the exact timing of this process is subject to fine-tuning by posttranslational 

modification (such as phosphorylation) of each component by kinases like casein kinase 

1 (CK1 δ and ε) and glycogen synthase kinase 3 (GSK3; (Gallego and Virshup, 2007)). 

Phosphorylation of PER and CRY proteins can act to speed up or slow down the TTFL 

cycle by promoting nuclear translocation or protein degradation, respectively. In a second 

feedback loop, the BMAL1/CLOCK complex drives Rev-Erbα transcription, and the 
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REV-ERBα protein, in turn, inhibits the expression of Bmal1 (Preitner et al., 2002, Ueda 

et al., 2005). Although this auxiliary loop is not necessary for the rhythmicity of the 

primary TTFL (Liu et al., 2008), it contributes to the robustness of the circadian clock 

(Preitner et al., 2002). 

All of the core TTFL components, with the exception of CLOCK, exhibit daily 

rhythms in expression (Reppert and Weaver, 2002). Development of numerous reporter 

models has enabled researchers to examine the real-time expression of individual clock 

components across multiple circadian cycles. One commonly used model is the 

PER2::LUC transgenic mouse line, which express a fusion protein of PER2 and firefly 

luciferase (LUC, (Yoo et al., 2004)). Due to the wide variety of biological processes 

exhibiting daily rhythms, it is not surprising that the presence of clock gene/protein 

oscillations is not limited to one organ system. In fact, groups of rhythmic cells can be 

found in nearly every tissue type, including liver, lung, pancreas and fibroblasts; 

however, when these peripheral oscillators are cultured in vitro, their rhythms gradually 

dampen, until they are lost entirely (Yamazaki et al., 2000). This loss of rhythmicity is 

not a result of a loss of TTFL rhythms at the single cell level but is due to the individual 

rhythms drifting out of phase with one another as a result of the weak coupling between 

cells within the population. For this reason, peripheral tissues require input from a 

central, master oscillator to synchronize and regulate circadian rhythms throughout the 

entire body (Welsh et al., 2010).  
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The Suprachiasmatic Nucleus 

In mammals, the central pacemaker is located in the suprachiasmatic nucleus of 

the hypothalamus (SCN). Lying dorsal to the optic chiasm and surrounding the third 

ventricle, the SCN consists of two nuclei that each contain approximately 10,000 densely 

packed, small GABAergic granule cells (Abrahamson and Moore, 2001). The nuclei are 

divided into two distinct subdivisions based on structure and neurochemical expression: 

the arginine-vasopressin (AVP) expressing, dorsomedial “shell” and the vasoactive 

polypeptide expressing, ventrolateral “core.” Entraining signals are transmitted to the 

SCN through three main afferent pathways. Light information is projected from the retina 

directly to the SCN through the retinohypothalamic tract (RHT), while nonphotic 

information is communicated to the SCN through the release of neuropeptide Y (NPY) 

and GABA from the lateral geniculate nucleus (LGN) and serotonin from the dorsal 

raphe nucleus (Dibner et al., 2010). Afferent projections from the RHT synapse on 

neurons within the SCN core which project mainly to the AVP expressing cells (Leak et 

al., 1999). 

 As the primary circadian pacemaker, the SCN is responsible for the generating 

endogenous circadian rhythms. Evidence for this comes from two separate lines of 

research: SCN lesion and SCN transplant studies. First demonstrated in rats (Stephan and 

Zucker, 1972), electrolytic lesioning of the SCN renders wheel-running and drinking 

behavior arrhythmic in constant conditions (Figure 1- “SCNX”). This effect has since 

been replicated in a range of other rodent models and extended to other physiological 

rhythms such as core body temperature (Eastman et al., 1984), hormonal secretion 

(Wollnik and Turek, 1989), cognition (Phan et al., 2011), and more. The behavioral 
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arrhythmicity caused by an SCN lesion can be rescued through transplantation of SCN 

tissue from a fetal donor into the third ventricle (Ralph et al., 1990). Furthermore, the tau 

of the restored behavioral rhythm is dependent on the tau of the donor, not the host 

animal (Ralph et al., 1990). Taken together, these studies illustrate that the endogenous 

rhythms generated within the SCN drive circadian rhythms throughout the entire 

organism.  

 

Electrophysiological properties of SCN neurons 

 Like many other populations of pacemaker neurons found in the central 

nervous system (CNS; (Llinas, 1988)), SCN neurons are spontaneously active, generating 

action potentials (APs) through endogenous mechanisms at a steady rate. Time-of-day 

information is communicated by the SCN to the rest of the body through characteristic 

rhythms in spontaneous AP firing, with high frequency activity during the day and low 

activity at night (Inouye and Kawamura, 1979). These SCN firing patterns are critical for 

maintaining robust and consolidated behavioral rhythms (Schwartz et al., 1987, Meredith 

et al., 2006); furthermore, disruption of SCN neuronal activity has been seen in animal 

models of neurodegeneration and aging (Kudo et al., 2011b, Kudo et al., 2011c, 

Nakamura et al., 2011, Farajnia et al., 2012). Additionally, SCN cells exhibit daily 

changes in membrane properties such as input resistance (Rinput), resting membrane 

potential (RMP) and AP waveform properties (Kuhlman and McMahon, 2004, Itri et al., 

2005). Numerous ionic components underlying SCN neuronal activity have been 

identified, and many express day/night differences in mRNA expression, protein levels 

and/or current density (for review see (Colwell, 2011)).   
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In the SCN, the excitatory drive towards threshold is responsible for spontaneous 

AP firing and is provided by two mechanisms. The first is the slow-inactivating, or 

persistent, sodium current (INaP; Figure 3- “1”; (Pennartz et al., 1997, Jackson et al., 2004, 

Kononenko et al., 2004)). Compared to the transient sodium current (INaT) that is more 

traditionally associated with voltage-gated sodium channels, INaP activates at more 

hyperpolarized potentials, inactivates at a slower rate and is much smaller in magnitude 

(approximately 1%; (Stafstrom, 2007)). Although both INaT and INaP are tetrodotoxin 

(TTX) -sensitive and likely originate from alternate gating mechanisms of the same ion 

channels (Stafstrom, 2007), INaP can be isolated using the pharmacological blocker, 

riluzole. The importance of INaP in generating spontaneous action potentials in the SCN 

has been demonstrated using riluzole in dispersed neurons and intact, fresh brain slices 

(Kononenko et al., 2004). In both SCN preparations, blocking INaP with riluzole 

dramatically suppresses SCN neuronal activity, often to the point of silencing the neurons 

entirely. 

The second source of excitatory drive in the SCN is driven by L-type calcium 

(Ca2+) channels (Figure 3- “2”), which cause high frequency fluctuations in the 

membrane potential of SCN neurons. These subthreshold oscillations can be seen in some 

SCN neurons during the day (but not the night), when sodium-dependent AP firing is 

blocked with TTX (Pennartz et al., 2002). Notably, the frequency of the subthreshold 

oscillations positively correlates with the AP frequency of the neuron prior to TTX-

treatment, suggesting a role for L-type Ca2+ channels in determining the spontaneous 

firing rate (SFR), to a certain extent.  



8 

 Also increased during the day, fast delayed rectifier (FDR) potassium currents, 

promote rapid repolarization and decrease AP spike width, enabling SCN neurons to fire 

at a higher frequency (Figure 3-“3”; (Itri et al., 2005, Kudo et al., 2011a)). 

 At night, when the cells are typically quiescent or spiking at a low frequency, 

increased potassium leak conductance results in a more hyperpolarized membrane 

potential, driving the cell further from AP threshold (Kuhlman and McMahon, 2004). 

Expression of KCNMA1, the pore forming subunit of large-conductance Ca2+-activated 

potassium (BK) channels, is also elevated at night in the SCN (Meredith et al., 2006). 

Activation of BK-channels during an AP increases the amplitude and duration of the AP 

after-hyperpolarization phase (Figure 3- “4”; (Montgomery et al., 2013)), thus prolonging 

the inter-spike interval. 

 

Clock control of membrane excitability  

The daily rhythm of SCN neuronal activity has been replicated in a variety of 

preparations, including in vivo multiunit recordings in freely moving hamsters (Yamazaki 

et al., 1998) and in single cell recordings from SCN-containing fresh brain slices in which 

the retinal input has been severed (Green and Gillette, 1982). Additionally, firing patterns 

persist in dispersed SCN neurons (Herzog et al., 1998), as well as in animals housed 

under constant conditions (Kuhlman and McMahon, 2004, Nakamura et al., 2011). Taken 

together, these results show that daily rhythms in AP frequency in the SCN are not 

dependent on environmental, retinal or other neuronal input and point to an endogenous 

mechanism driving physiological rhythms at a single-cellular level – likely, the molecular 

clock. Evidence that the TTFL drives SCN neurophysiology comes from changes in SCN 
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firing patterns seen in “clock” mutant animals, where changes in molecular rhythms – 

either period length or arrhythmicity – are reflected in SCN activity (Liu et al., 1997, 

Albus et al., 2002). Despite the clear association between molecular and 

neurophysiological rhythms in the SCN, the mechanism by which ion currents are 

controlled by the key 24-h timing mechanism is still largely unknown.  

 

Molecular and physiological response to light in the SCN 

 Mirroring the phase-shifting effects of light seen behaviorally, brief exposures to 

light at specific times of the night reset the phase of the molecular clock in the SCN 

(Golombek and Rosenstein, 2010). The molecular mechanisms involved in light-induced 

phase-resetting within the SCN have been extensively studied, but there are still many 

aspects that are not yet known. In both the early- and late-night exposure to an acute 

light-pulse (LP) stimulates glutamate release from the RHT onto retinorecipient SCN 

neurons (Hannibal, 2002). Glutamate activation of NMDA (N-methyl-D-aspartate) 

receptors causes an influx of Ca2+ and subsequent activation of multiple signal cascades 

including activation of mitogen-activated protein kinases (MAPK; (Pizzio et al., 2003)) 

and Ca2+/calmodulin-dependent protein kinases (CaMKII; (Golombek and Ralph, 1995)). 

These cascades converge on Ca2+/cAMP response element binding protein (CREB), 

increasing its activation through phosphorylation (p-CREB; (von Gall et al., 1998)). 

Increased p-CREB leads to a rapid induction of gene expression, including Per1 

(Travnickova-Bendova et al., 2002, Tischkau et al., 2003), followed by a persistent 

increase in SCN neuronal excitability 3-5 hours later (Kuhlman et al., 2003). 

Furthermore, blocking CRE-driven Per1 expression with an antisense 
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oligodeoxynucleotide (ODN) decoy for CRE, completely blocks light- or glutamate-

induced phase-advances in wheel-running behavior and SCN neuronal activity (Tischkau 

et al., 2003). However, the mechanism by which the acute molecular response to light can 

lead to changes in neuronal excitability has not yet been discovered.   

 

GSK3: a potential link between the clock and SCN output 

 GSK3 is a serine-threonine kinase, with two isoforms (α and β), both of which are 

ubiquitously expressed throughout the body, with especially high levels in the brain 

(Woodgett, 1990). GSK3 is by default active and, unlike many kinases, is inactivated by 

phosphorylation at serine-21 and serine-9, for α and β isoforms, respectively. Daily 

rhythms in GSK3 activity (measured as pGSK3) occur in many different tissues, 

including the SCN (Iwahana et al., 2004, Iitaka et al., 2005, Iwahana et al., 2007, 

Kinoshita et al., 2012). Importantly, pGSK3 rhythms in the SCN persist in animals 

housed in DD (Besing et al., 2015), demonstrating that the regulation of GSK3 is 

endogenously driven and not an artifact of an external stimulus (i.e., light). Furthermore, 

the daily regulation of pGSK3 appears to be clock dependent, as evidenced by loss of 

pGSK3β rhythms in cardiomyocytes from cardiomyocyte-specific CLOCK mutant mice 

(Durgan et al., 2010). Though the exact mechanism controlling pGSK3 rhythms is still 

unknown, one likely mechanism is through rhythmic expression of akt (Panda et al., 

2002), a known regulator of GSK3 (Hur and Zhou, 2010).  Dysregulation or overactivity 

of GSK3 has been implicated in conditions that involve disrupted circadian behavior, 

such as psychiatric and neurodegenerative disorders (Meijer et al., 2004, Barnard and 

Nolan, 2008), as well as the typical circadian decline associated with age (Iwahana et al., 
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2007). Therefore, a better understanding of GSK3’s functions within the mammalian 

circadian system could lead to new treatment strategies for many of these disorders.  

 Inhibition or over-expression of GSK3 differentially affects the phase of the 

molecular clock in vitro. Previous studies in NIH3T3 cells have shown that inhibition of 

GSK3 with lithium delays the peak of Per2 and Bmal1 expression following 

synchronizing stimulus (i.e., serum-shock), while over-expression of GSK3β advances 

the peak of both genes (Iitaka et al., 2005). However, due to the nature of these 

experiments (i.e., chronic manipulations and short duration of the time-course), the 

possibility that these effects were due to changes in the period length cannot be ruled out. 

In fact, this interpretation is supported by experiments in Drosophila, which have shown 

that inhibition or over-expression of GSK3 ortholog shaggy respectively lengthens or 

shortens the tau of locomotor activity (Martinek et al., 2001). Additionally, in mice, 

GSK3β haploinsufficiency lengthens the tau of wheel-running behavior in DD (Lavoie et 

al., 2013). However, the phase-shifting effects of acute changes in GSK3 activity remain 

unclear, and more importantly, the potential role of GSK3 in resetting the phase of 

circadian rhythms has largely been ignored. 

 GSK3 regulates ion channel function and influences neuronal excitability, through 

direct and indirect mechanisms, in various brain areas (Wildburger and Laezza, 2012). 

For example, in hippocampal neurons, activation of GSK3 by exposure to amyloid β 

(Aβ42) increases phosphorylation of Kv4.2 channels and AP firing, and both effects are 

blocked with pharmacological inhibition of GSK3 (Scala et al., 2015).  Indirectly, GSK3 

can influence neuronal excitability by regulating localization of voltage-gated sodium 

channels to the axon initial segment (Tapia et al., 2013). In the SCN, acute application of 
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lithium, a non-specific inhibitor of GSK3, reduces AP firing frequency in a majority of 

SCN neurons (Mason and Biello, 1992), suggesting a role for GSK3 in regulation of SCN 

neurophysiological rhythms. However, further research is needed to determine the effect 

of GSK3 activation on SCN excitability and to identify which ionic component(s) is 

under GSK3 control in the SCN.   

 

Hypothesis 

 What links the molecular clock to SCN neurophysiology is one of the most 

pressing questions in current circadian research (Colwell, 2011). As a kinase that is 

regulated in a circadian manner and capable of controlling expression and function of 

multiple ion channels, GSK3 is perfectly positioned to provide that link. Thus, further 

research into GSK3’s role in the circadian system could begin to close the gap between 

molecular and physiological rhythms. The overall goal of this dissertation is to test the 

hypothesis that GSK3 activity regulates circadian behavior and photic entrainment 

through promotion of SCN neuronal excitability and to examine the underlying ionic 

component through which GSK3 influences SCN physiology. This hypothesis will be 

tested using a combination of circadian behavioral assessments, immunohistochemistry, 

and targeted loose-patch and whole-cell electrophysiology in the presence of chronic 

GSK3 activation and following pharmacological inhibition of GSK3.  

 This dissertation will be broken up into three primary chapters followed by a 

general discussion. Chapter 2 determines whether GSK3 activity rhythms are necessary 

for robust circadian behavior and daily changes in SCN neuronal activity. Chapter 3 

examines the role of GSK3 in mediating light-induced SCN excitability and photic 
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entrainment. Finally, Chapter 4 will test the hypothesis that GSK3 activity promotes SCN 

neuronal excitability through enhancement of the persistent sodium current (INaP).  
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Figure 1. Behavioral analysis in rodents. Left, Schematic of typical double-plotted 

actogram where each line represents two days (second day on one line is the first day on 

the next line) and black marks represent the measured behavior. Initially, animal is 

entrained to a 12:12 light/dark cycle (LD; yellow bar indicates lights on) with activity 

restricted to the dark phase. In contant dark (DD), the animal exhibits free-running 

behavior with period greater than 24 hours which is shifted by light and  after SCN lesion 

(SCNX). Right, Model of typical behavioral shifts in mouse following 15 min light pulse 

(yellow triangle) and a phase-response curve constructed from those results (Daan and 

Pittendrigh, 1976).  
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Figure 2. Model of the core molecular clock. At the start of the day, the complex of 

transcription factors, CLOCK and BMAL1, drive expression of the Per and Cry genes. In 

time, accumulating PER and CRY proteins dimerize and translocate to the nucleus where 

the complex inhibits its own transcription. Eventually, the PER-CRY complex is 

degraded, and the cycle can begin again. The entire process takes approximately 24 hours 

to complete. 
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Figure 3. Schematic diagram of day/night differences in SCN neurophysiological 

properties. For explanation see text. Image modified with permission from (Kuhlman 

and McMahon, 2006). 
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Abstract 

Glycogen synthase kinase 3 (GSK3) is a serine/threonine kinase that has been 

implicated in psychiatric diseases, neurodevelopment, and circadian regulation. Both 

GSK3 isoforms, α and β, exhibit a 24-hour variation of inhibitory phosphorylation within 

the suprachiasmatic nucleus (SCN), the primary circadian pacemaker. We examined the 

hypothesis that rhythmic GSK3 activity is critical for robust circadian rhythmicity using 

GSK3α21A/21A/β9A/9A knock-in mice with serine-alanine substitutions at the inhibitory 

phosphorylation sites, making both forms constitutively active. We monitored wheel-

running locomotor activity of GSK3 knock-in mice and used loose-patch 

electrophysiology to examine the effect of chronic GSK3 activity on circadian behavior 

and SCN neuronal activity. Double transgenic GSK3α/β knock-in mice exhibit disrupted 

behavioral rhythmicity, including significantly decreased rhythmic amplitude, lengthened 

active period, and increased activity bouts per day. This behavioral disruption was 

dependent on chronic activation of both GSK3 isoforms and was not seen in single 

transgenic GSK3α or GSK3β knock-in mice. Underlying the behavioral changes, SCN 

neurons from double transgenic GSK3α/β knock-in mice exhibited significantly higher 

spike rates during the subjective night compared to those from WT controls, with no 

differences detected during the subjective day. These results suggest that constitutive 

activation of GSK3 results in loss of the typical day/night variation of SCN neuronal 

activity. Together, these results implicate GSK3 activity as a critical regulator of 

circadian behavior and neurophysiological rhythms.  Because GSK3 has been implicated 

in numerous pathologies, understanding how GSK3 modulates circadian rhythms and 
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neurophysiological activity may lead to novel therapeutics for pathological disorders and 

circadian rhythm dysfunction. 

 

Introduction 

Circadian rhythms are endogenous 24-hour physiological and behavioral rhythms 

that are present in nearly all living organisms, ranging from bacteria to mammals (Bell-

Pedersen et al., 2005). Circadian disturbance in humans has been implicated in a number 

of pathologies including psychiatric disorders, cardiometabolic disease, inflammatory 

disease and cancer (Takahashi et al., 2008). In all mammals, daily physiological and 

behavioral rhythms are orchestrated by a primary circadian pacemaker, the 

suprachiasmatic nucleus (SCN) of the hypothalamus (Welsh et al., 2010). SCN neurons 

generate characteristic, daily rhythms in electrical activity, exhibiting high activity during 

the day and low activity during the night (Inouye and Kawamura, 1979). The daily 

rhythm in the spontaneous firing rate (SFR) of SCN cells is important for synchronous 

output of the central pacemaker and is necessary for normal circadian behavior (Schwartz 

et al., 1987). At the molecular level, 24-hour timing is driven by 

transcriptional/translational feedback loops of primary “clock” genes which are present in 

almost all cell types throughout the body (Takahashi et al., 2008). Post-translational 

modifications, such as phosphorylation, of the core clock components contribute to the 

precise timing and robustness of the primary feedback loop (Gallego and Virshup, 2007), 

but the roles of some kinases, such as glycogen synthase kinase 3 (GSK3), remain 

unclear.  
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GSK3 is a serine/threonine kinase that is able to phosphorylate nearly all of the 

circadian molecular clock components such as PER2, CLOCK, BMAL1, and 

REVERVBα (Iitaka et al., 2005, Wang et al., 2006, Spengler et al., 2009, Kurabayashi et 

al., 2010, Sahar et al., 2010). In addition, GSK3 is a therapeutic target of the mood-

stabilizing agent, lithium (Klein and Melton, 1996), which can lengthen the period of 

behavioral and molecular rhythms of multiple organisms (LeSauter and Silver, 1993, 

Iwahana et al., 2004, Dokucu et al., 2005, Li et al., 2012). GSK3 has two isoforms, α and 

β, both of which are ubiquitously expressed throughout the brain (Woodgett, 1990). 

Unlike most kinases, GSK3 is by default active and can be inactivated by 

phosphorylation at serine-21 and serine-9 sites for α and β, respectively (Woodgett, 

1990). Recent work has shown that GSK3 exhibits a daily rhythm in inhibitory 

phosphorylation within the SCN (Iwahana et al., 2004, Iitaka et al., 2005), yet little is 

known about what role this activity plays in overall circadian rhythmicity. In this study, 

we examine the function of rhythmic GSK3α/β phosphorylation using 

GSK3α21A/21A/β9A/9A (double knock-in, DKI) mice with serine-alanine substitutions at 

both inhibitory phosphorylation sites (McManus et al., 2005). With this model, we tested 

the hypothesis that rhythmic GSK3 activity is critical for generating robust circadian 

rhythms. Specifically, we measured the effect of chronic GSK3 activity on circadian 

wheel-running behavior in two different backgrounds of mice. We also examined the role 

of each GSK3 isoform individually using single transgenic animals (α-KI and β-KI). 

Finally, we examined whether chronic GSK3 activity disrupts day/night differences in 

SCN neuronal output (i.e., action potential frequency) using loose-patch recordings of 
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SCN neurons from DKI and wild-type (WT) mice during the subjective day and 

subjective night.   

 

Materials/Methods 

Animals and Housing 

Male, homozygous double transgenic GSK3α21A/21A/β9A/9A (McManus et al., 2005) 

mice (5-7 months old) on a mixed (C57BL/6 X Balb/c) background (kindly provided by 

Dario R. Alessi, Dundee, Scotland) or back-crossed at least 10 generations to C57BL/6J 

were compared to WT mice that were strain- and age-matched (generated within the 

colony or purchased from Jackson Laboratories, Bar Harbor, ME). For single knock-in 

experiments, male, homozygous single transgenic, GSK3α21A/21A (α-KI, 8-11 months old) 

or GSK3β9A/9A (β-KI, 3-6 months old) on a C57BL/6J background were compared to WT 

mice that were strain- and age-matched. These serine-alanine substitutions resulted in 

loss of phosphorylation of GSK3α and/or GSK3β within the SCN of the transgenic mice 

(Fig. 1).  In addition, these mice develop normally and do not display any obvious 

behavioral or physiological phenotype. Mice were genotyped for GSK3α using the 

forward primer TTGAAGTGGCTGGTACTGGCTCTG and the reverse primer 

GTGTGCTCCAGAGTAGTACCTAGC and for GSK3β using the forward primer 

TCACTGGTCTAGGGGTGGTGGAAG and the reverse primer 

GGAGTCAGTGACAACACTTAACTT according to the specifications in (McManus et 

al., 2005). Mice were housed in individual wheel cages (Coulbourn Instruments, 

Whitehall, PA) with standard rodent chow (#7917, Harlan Laboratories, Madison, WI) 

and water provided ad libitum. All mice were maintained in a 12:12 light-dark (LD) cycle 
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for at least 9 days before being placed into constant dark (DD). All handling of animals 

was done in accordance with the University of Alabama at Birmingham (UAB) 

Institutional Animal Care and Use Committee (IACUC) and National Institutes of Health 

(NIH) guidelines. 

 

Immunoblotting 

In order to confirm the loss of phosphorylation of GSK3 in the SCN from the 

three transgenic models, the SCN was isolated from α-KI, β-KI, DKI and WT mice (2-3 

months old) housed in a 12:12 LD cycle. Protein lysates were prepared and visualized 

using immunoblotting with an antibody to p-GSK3α S21 (1:750, Cell Signaling, Danvers, 

MA) or p-GSK3β S9 only (1:500, Cell Signaling, Danvers, MA). Total GSK3α/β (1:750, 

Cell Signal, Danvers, MA) staining was used on the same blot as a loading control.  

 

Behavioral Analysis  

Wheel-running activity was recorded and analyzed using ClockLab software 

(Actimetrics, Wilmette, IL). Actograms were generated using 6-min bins of activity and 

double plotted for ease of examination. Behavior was analyzed across 7-10 days for LD 

analysis, and 10 days of activity for DD analysis after the mice had been in constant 

conditions for 6-12 days. The activity levels were calculated using the batch analysis in 

ClockLab software. The free-running period (τ) and amplitude were determined by chi-

squared (χ2) periodogram analysis. Activity bout analyses were exported using the “bout” 

function in ClockLab, with a bout defined as a period where the activity level never fell 

below 3 count/min for longer than 30 minutes. Due to the low levels of activity seen in 
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DKI mice on the mixed background, the threshold was reduced to 1 count/min for the 

bout analyses in those experiments. The length of the active period (α) was measured as 

the time between onset and offset of activity. Activity onset was fit by eye, and activity 

offset was defined as the last point at which the activity in three of the previous six bins 

exceeded the mean activity level (Gorman and Yellon, 2010). In 2 of 16 DKI mice, 

activity levels were too low to reliably detect activity onset/offset, and these animals were 

excluded from the statistical analysis of α. Because there were no significant differences 

in the behavior of the WT groups age-matched to the either the α-KI or β-KI mice, the 

two WT groups were combined into one control group for analysis of the single KI 

behavior. 

 

Slice preparation and electrophysiological recording 

  Mice were individually housed in constant darkness for three weeks on running 

wheels and sacrificed at Circadian Time (CT) 4 and 16 (where CT 12 is conventionally 

defined as the onset of activity) by cervical dislocation and then enucleated with the aid 

of night-vision goggles. Brains were harvested, sectioned on a vibroslicer (Campden 

7000SMZ, World Precision Instruments, Lafayette, IN) in cold, oxygenated sucrose 

saline (in mM: 250 sucrose, 26 NaHCO3, 1.25 Na2HPO4-7H2O, 1.2 MgSO4-7H2O, 10 

glucose, 2.5 MgCl2, 3.5 KCl). Slices were transferred to a beaker containing 50% sucrose 

saline and 50% normal saline (in mM: 130 NaCl, 20 NaHCO3, 1 Na2HPO4-7H2O, 1.3 

MgSO4-7H2O, 10 Glucose, 3.5 KCl, 2.5 CaCl2) at room temperature for 20 min and then 

transferred to an open recording chamber (Warner Instruments, Hambden, CT) that was 

continuously perfused at a rate of 2.0 ml/min with normal saline, bubbled with 5% CO2 / 
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95% O2 and heated to 34 ± 0.5 ºC. Neurons were visualized with an Axio Examiner 

microscope (Carl Zeiss Inc., Thornwood, NY) equipped for near-IR-DIC. Loose patch 

recordings were made from CT 6-8 or from CT 18-20 in the medial (dorsal and ventral) 

SCN. Electrodes with a pipette resistance of ~3-5 MΩ were filled with filtered 

intracellular solution (in mM: 135 K-gluconate, 10 KCl, 10 HEPES, 0.5 EGTA; pH 7.4) 

(Kuhlman et al., 2003). Firing frequency was measured as the average of a 120-sec 

record. Electrophysiological signals were processed and controlled by a Multiclamp 

700B amplifier, and pClamp 10.02 software (Axon Instruments, Union City, CA) in gap-

free mode. Recordings were sampled at 20 kHz and filtered at 10 kHz (Besing et al., 

2012). 

  

Statistical Analysis 

Data were analyzed using independent samples t-tests or one-way ANOVA with 

Tukey HSD post hoc analysis. For variables in which there were outliers and/or 

assumptions of normality and equal variances were violated and could not be corrected 

with logarithmic transformations of the data, we analyzed the data with a Mann-Whitney 

U test or an independent samples Kruskal-Wallis test with two-sided asymptotic 

significance post hoc analysis. Outliers were not excluded from the analysis. Data are 

presented as mean ± SEM. Significance was ascribed at p < 0.05. 
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Results 

Chronic GSK3 activity disrupts circadian wheel-running behavior 

 To determine the importance of rhythmic GSK3 phosphorylation on mammalian 

circadian rhythms we measured wheel running activity of DKI mice in which GSK3α and 

GSK3β have been mutated at the S21 and S9 inhibitory phosphorylation sites, 

respectively, rendering both forms constitutively active (McManus et al., 2005). First, we 

examined wheel-running behavior of DKI and WT mice on a mixed (C57BL/6 X Balb/c) 

background. In a 12:12h light-dark cycle (LD), both DKI and WT mice were capable of 

entraining to the light cycle, with the majority of activity occurring in the dark phase 

(Fig. 2A,B). This was reflected in the percentage of lights-on activity, which did not 

differ between the two genotypes (Table 1, U = 103, p > 0.05). The average activity in 

DKI mice (2.4 ± 0.7 rev/min) was significantly reduced from that of WT mice (12.0 ± 0.9 

rev/min; U = 243; p < 0.001). This decrease in activity was seen in both the light and 

dark phases of the light cycle (Table 1).  

 Under constant darkness (DD), several differences in the behavioral rhythms 

emerged (Fig. 2C). Periodogram analysis revealed that the free-running period (τ) of DKI 

mice was ~23 minutes longer than WT mice (Table 1; U = 30; p < 0.001). After only a 

short time in DD, 1 out of 20 DKI mice did not show a detectable rhythm and was 

classified as arrhythmic. The remaining DKI mice exhibited a significantly lower 

amplitude in circadian behavior than WT mice, as seen in the power of the χ2-

periodogram (Table 1; U = 240; p < 0.001; Fig. 2D). In addition, DKI mice showed 

significant fragmentation in their wheel-running rhythms, as indicated by an average of 6 

activity bouts per day, compared to only 4 bouts per day in WT mice (Table 1; U = 55.5; 
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p < 0.005). DKI mice also had significantly longer α or activity period (14.44 ± 0.48 h) 

than WT controls (12.38 ± 0.73 h; U = 52; p < 0.01), suggesting a lack of consolidation 

of activity.  

 To ensure that the observed phenotype was not an effect of the mouse strain 

(Pendergast et al., 2010), we next examined the wheel-running behavior of DKI mice 

backcrossed to C57BL/6J (C57) for at least ten generations. When housed in LD, both 

groups successfully synchronized to the light cycle (Fig. 3A,B), and there was no 

difference in the percentage of lights-on activity observed between groups Fig. 4A, t9 = -

3.46, p > 0.05 ). As in the mixed background, overall wheel-running activity levels of 

back-crossed DKI mice (mean ± SEM: 8.1 ± 2.2 rev/min) were significantly reduced 

compared to WT mice (14.4 ± 1.0 rev/min; t6.7 = -2.6; p < 0.05; Fig. 3B); however, this 

difference was lost in DD (mean ± SEM; DKI, 7.2 ± 2.4 rev/min; WT, 10.5 ± 1.0 

rev/min; t6.6 = -1.3; p > 0.05; Fig. 3C). Additionally, back-crossed DKI mice no longer 

exhibited a lengthened τ in DD (Fig. 4B; t9 = -0.96; p > 0.05). However, the DKI mice 

showed noticeably dampened activity rhythms, as seen in the significantly reduced 

amplitude of the χ2-periodogram (Figs. 3D and 4C; t9 = -3.26; p < 0.05). Even though 

C57 DKI mice exhibited normal levels of activity in DD, the backcrossed mutants 

continued to show the same fragmented phenotype seen on the mixed background (Fig. 

3C). Specifically, the mean α length of C57 DKI mice was nearly 2 hours longer than that 

of WT mice (Fig. 4D; t4.6 = 4.28; p < 0.01). Also, activity bouts of DKI mice were 

significantly greater in number per day (Fig 4E; t9 = 2.59; p < 0.05) and shorter in mean 

duration (Fig 4F; t9 = -2.29; p < 0.05). 
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Circadian behavior is unaltered in single transgenic, α-KI and β-KI, mice 

 To determine the role of rhythmic activity of each GSK3 isoform, we measured 

wheel-running behavior of homozygous single transgenic, GSK3α21A/21A (α-KI) or 

GSK3β9A/9A (β-KI) mice and WT controls in the same manner as above. Both α-KI and β-

KI mice exhibited typical entrainment to the light cycle (Fig. 5A) and similar levels of 

activity (rev/min) to WT mice in LD (mean ± SEM; α-KI, 12.0 ± 1.4; β-KI, 9.9 ± 1.7; 

WT, 12.4 ± 2.2; Kruskal-Wallis, H2 = 0.72; p > 0.05).  In DD, χ2-periodogram analysis 

revealed no significant differences in τ (F2,18 = 0.94; p > 0.05) or amplitude (F2,18 = 1.03; 

p > 0.05) among all three groups (Fig. 5B-D).  The mean α lengths for α-KI and β- KI 

mice were essentially identical to the WT controls (F2,18 = 0.02; p > 0.05; Fig. 5E). 

Finally, single KI and WT mice had similarly consolidated behavior, with no significant 

differences in the number of activity bouts per day (F2,18 = 0.25; p > 0.05; Fig. 5F). 

 

Chronic GSK3 activity alters SFR rhythms in SCN neurons 

 In order to determine whether DKI mice have a disruption in normal pacemaker 

function at the level of the SCN, we next examined neurophysiological activity of SCN 

neurons from these mice. SCN neurons exhibit a circadian variation in the frequency of 

spontaneous action potential generation, with high activity during the day and low 

activity during the night (Inouye and Kawamura, 1979). These rhythms are a major 

output signal of the SCN and are important in the regulation of circadian behavior 

(Schwartz et al., 1987). To test the effect of chronic GSK3 activation on SFR rhythms in 

the SCN, we used loose-patch electrophysiological recordings of SCN neurons from WT 

and DKI mice during the subjective day and night. After behavioral analysis in DD, the 
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same C57BL/6J WT and DKI animals were sacrificed, and extracellular recordings were 

made from SCN neurons at CT 6-8 or CT 18-20 for day or night recordings, respectively. 

During the subjective day, SCN neurons exhibited similarly elevated firing in both WT 

and DKI mice (Fig. 6; WT, 3.9 ± 0.6 Hz, n = 23; DKI, 4.3 ± 0.5 Hz, n = 27). As 

expected, WT neurons had a significantly lower SFR at night (0.8 ± 0.3 Hz, n = 30; H3 = 

40.7; p < 0.001; Kruskal-Wallis test). Unlike WT neurons, DKI SCN cells did not exhibit 

a significant day/night difference in neuronal activity (DKI-night, 2.7 ± 0.4 Hz; n = 30; p 

> 0.05). The loss of rhythmic activity in the SCN of DKI mice was driven by the 

hyperactivity of DKI neurons at night, which were firing at a rate over three times faster 

than WT cells (p < 0.05; two-sided asymptotic significance post hoc analysis). This same 

pattern of high excitability at night and normal activity during the day was also replicated 

in SCN neurons from DKI mice on the mixed background (mean ± SEM; DKI- night, 4.1 

± 0.8 Hz, n = 20; WT- night, 1.0 ± 0.4 Hz, n = 11; DKI-day, 5.8 ± 1.0 Hz, n = 11; WT-

day, 4.8 ± 1.0 Hz, n = 17; 1-2 slices per genotype per timepoint). 

 

Discussion 

 The role of GSK3 as a critical regulator of the molecular clock is supported by 

reports showing that GSK3 phosphorylates nearly all of the core clock components in 

vitro (Iitaka et al., 2005, Wang et al., 2006, Spengler et al., 2009, Kurabayashi et al., 

2010, Sahar et al., 2010). In addition to regulating the molecular clock, GSK3 exhibits a 

24-hour variation of inhibitory phosphorylation within the SCN from mice held in an LD 

cycle (Iitaka et al., 2005). However, the role that this inactivation rhythm plays in the 

mammalian circadian system is not yet known. The present study shows, for the first 
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time, that rhythmic GSK3 activity is critical for robust circadian rhythmicity. 

Specifically, our results indicate that: (1) chronic activation of GSK3 disrupts circadian 

behavior by decreasing circadian amplitude and increasing fragmentation; (2) chronic 

activation of either GSK3 isoform alone does not alter behavioral rhythms; and (3) 

chronic activation of GSK3α/β eliminates rhythms in SCN neuronal activity. 

Our first finding that chronic GSK3 disrupts behavioral rhythms is supported by 

our results that DKI mice exhibit dampened and fragmented wheel-running activity. 

Previous work on GSK3 and circadian behavior has predominantly focused on changes in 

the free-running period. For example, lithium, a known inhibitor of GSK3, lengthens the 

free-running period of a variety of organisms (LeSauter and Silver, 1993, Iwahana et al., 

2004, Dokucu et al., 2005). Conversely, Drosophila that over-express GSK3β have a 

shortened τ (Martinek et al., 2001). Surprisingly, our results show that GSK3 that is 

chronically active (but expressed at physiological levels) causes only a slight increase in τ 

in mutant mice on a mixed background. In rodents, the act of running on a wheel is 

known to influence τ, with wheel-access being associated with a shorter period (Yamada 

et al., 1988). Thus, it is possible that the lengthened τ in mixed DKI mice was a result of 

the severely reduced activity levels seen in these animals. This explanation is supported 

by the lack of period change in DKI mice on the C57 background, which also did not 

differ from WT mice in DD activity levels. Instead, our results revealed the importance of 

GSK3 phosphorylation rhythms in the generation of robust circadian behavior. On both 

backgrounds of mice, chronic GSK3 activity reduced the amplitude of behavioral 

rhythms and expanded the active phase (α). This reduced amplitude was coupled with 

significant behavioral fragmentation, as seen in the quantification of activity bouts, which 
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were shorter in length and greater in number. These results are consistent with recent in 

vitro data that GSK3 inhibition increases the molecular clock amplitude (Li et al., 2012). 

Taken together, these findings suggest a critical role for GSK3 phosphorylation state 

balance in driving circadian clock amplitude. 

Although the two GSK3 isoforms express 98% homology in amino acid sequence 

(Kaidanovich and Eldar-Finkelman, 2002), differences in α and β isoforms function has 

been noted in muscle metabolism (McManus et al., 2005), ischemic injury (Lal et al., 

2012), and anti-depressant response (Polter and Li, 2011). Different functions of the 

isoforms have also been implicated within the circadian system.  For example, GSK3α, 

but not β, interacts in vitro with Receptor for Activated C-Kinase 1 (RACK1) (Zeidner et 

al., 2011), a known regulator of the circadian clock (Robles et al., 2010). In spite of this, 

the differential roles of GSK3α and β in regulating circadian rhythms in vivo remain 

unclear; furthermore, the distinct function of each isoforms’ rhythmic activity has been 

largely unexplored.  In the present study, we examined the role of inhibitory 

phosphorylation of GSK3α and GSK3β separately by using transgenic mouse models. 

Interestingly, the single transgenic α-KI and β-KI mice did not exhibit any of the same 

behavioral disruptions that were characteristic of the DKI mice. These results suggest 

that, in terms of circadian rhythm function, there may be compensation for the loss of 

phosphorylation of one isoform. However, peak levels of p-GSK3 in these mice do not 

suggest that this compensation occurs at the level of GSK3 S21/S9 phosphorylation, 

consistent with findings of McManus et al. (2005). 

In addition to disrupting circadian behavior, we found that chronic GSK3 activity 

altered SFR rhythms in the SCN. Our results show that loss of GSK3 inactivation, as in 
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the DKI mice, eliminated the day/night difference in SCN neuronal activity. This loss 

was due to the elevated “day”-like activity of DKI neurons during the subjective night. 

Importantly, the activity of SCN DKI neurons did not differ from that of WT neurons 

during the day, suggesting that the effects of constitutive GSK3 activation are phase-

specific. These results suggest that the phosphorylation rhythm may be necessary for 

normal rhythmicity of spike rate in SCN neurons. Our results are consistent with a model 

in which active GSK3 enhances excitability while inactivation or inhibition decreases 

excitability. This idea is supported by previous work examining the effect of lithium on 

SCN activity. In hamsters, application of lithium to acute brain slices suppressed day-

phase SCN neuronal firing (Mason and Biello, 1992), but this suppression may have 

occurred through a non-GSK3 related action of the drug. In the future, it will be 

important to replicate this effect with specific, small-molecule inhibitors of GSK3.   

The mechanism by which GSK3 activity controls neurophysiological rhythms in 

the SCN remains unclear. One possible explanation for the disrupted SCN activity seen in 

DKI mice is an indirect consequence of disruption in the core molecular clock. However, 

further study in vivo is needed to determine how the molecular clock is affected by 

chronic GSK3 activity. Another possibility is that, downstream of the core clock, GSK3 

activity directly influences membrane properties through an unknown mechanism. 

Interestingly, the effects of lithium on SCN activity are seen within 5-10 min of treatment 

(Mason and Biello, 1992). The rapid onset of this effect supports the notion that GSK3 is 

able to exert control over SCN neurophysiology without acting through the core clock. 

The ionic mechanisms underlying the daily rhythms in SCN activity have been 

extensively studied, and many of these currents have been shown to be rhythmic 
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themselves (Pennartz et al., 2002, Itri et al., 2005, Pitts et al., 2006, Itri et al., 2010). One 

of the biggest questions left unanswered is how ion channels are being regulated to 

produce these rhythms (Colwell, 2011). In cortical and hippocampal cell culture, GSK3 

has been shown to regulate expression and function of multiple receptors including, 

NMDAR, AMPAR, and GABAAR, through mechanisms like trafficking, clustering, and 

phosphorylation (Chen et al., 2007, Wei et al., 2010, Tyagarajan et al., 2011). Future 

research should examine the possibility that rhythmic GSK3 regulates ion channels in the 

SCN in a similar manner.  

One notable candidate target of GSK3 is large-conductance Ca2+ activated K+ 

(BK) channels which contribute to the nightly silencing of SCN neurons (Meredith et al., 

2006). In other cell types, GSK3 can directly associate with the BKα sub-unit and 

regulate membrane expression of BK channels in vitro (Bian et al., 2011, Sokolowski et 

al., 2011). Furthermore, kcnma1-/- mice, which lack the pore-forming α subunit of BK 

channels, show strikingly similar circadian phenotypes to DKI mice, in both behavior and 

SCN activity (Meredith et al., 2006). Determining the role of rhythmic GSK3 activity in 

regulating membrane properties of the SCN could provide a missing link between the 

molecular clock and the circadian output signal (i.e., spike rate). With the growing 

number of reports showing disrupted circadian behavior together with altered neuronal 

rhythms (Meredith et al., 2006, Kudo et al., 2011a, Kudo et al., 2011b, Nakamura et al., 

2011, Farajnia et al., 2012), understanding the link between the core clock and membrane 

excitability is an important direction for future circadian research. 

Dysregulation of GSK3 has been implicated in many of the same pathological 

conditions that are linked with circadian rhythm disturbance, such as psychiatric and 
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aging-related disorders (Gomez-Sintes et al., 2011, Jope, 2011). Previously, DKI mice 

have been used as a model for bipolar disorder, with the mice displaying increased 

susceptibility to both manic- and depressive-like behaviors (Polter et al., 2010). In human 

bipolar patients, phosphorylation levels of GSK3 are decreased in peripheral blood 

mononuclear cells and fibroblasts (Yang et al., 2009, Polter et al., 2010). Circadian 

disruption is commonly seen in aging (Kondratova and Kondratov, 2012), and loss of p-

GSK3 rhythms has been demonstrated in the SCN of aged hamsters (Iwahana et al., 

2007). Because of its involvement in these and other pathologies, understanding how 

GSK3 modulates circadian rhythms and neurophysiological activity may lead to novel 

therapeutics for pathological disorders and circadian rhythm dysfunction. 
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Table 1. Circadian analysis of wheel running behavior of WT and DKI mice on a mixed background. 

    WT   n   DKI   n 

LD             

Activity (rev/min)  12.0 ± 0.9  16  2.4 ± 0.9**  16 

Light Activity (rev/day)  1235 ± 968  16  152 ± 158**  16 

Dark Activity (rev/day)  16062 ± 4443  16  3294 ± 5026**  16 

Total Activity (rev/day)  17297 ± 4912  16  6443 ± 5162**  16 

% Lights on Activity (%)  6.8 ± 4.8  16  8.7 ± 6.4  16 

   ±      ±    

DD   ±      ±    

Tau (h)  23.42 ± 0.16  17  23.81 ± 0.10**  15 

Power   1363 ± 343  17  524 ± 62**  15 

Activity (rev/min)  14.11 ± 1.04  17  0.83 ± 0.34**  16 

Alpha Length (h)  12.38 ± 0.73  17  14.44 ± 0.48**  14 

Fragmentation (bouts/day)  4.3 ± 0.5  17  6.1 ± 0.4*  16 

Avg. Bout Length (min)   133 ± 12.6   17   21.7 ± 2.3**   16 

**p < 0.001; *p < 0.01; Mann-Whitney U test 
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Figure 1. Representative immunoblots of p-GSK3α/β in SCN tissue of WT, α-KI, β-

KI, and DKI mice. Immunostaining for p-GSK3α S21 (top) and p-GSK3β S9 (bottom) 

showing loss of inhibitory phosphorylation of GSK3α, GSK3β, or both in SCN of α-KI, 

β-KI, or DKI mice, respectively. Total GSK3α/β staining shows loading control for each 

blot.      
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Figure 2. Representative wheel-running behavior for WT (top) and DKI (bottom) 

mice on a mixed background. (A) Double-plotted actograms show behavior in a 12:12 

light cycle (LD). (B) Activity profile plots showing averaged LD activity based on 

actograms in A. (C) Double-plotted actograms show behavior starting 6 days after release 

into constant dark (DD). (D) Representative χ2-periodogram plots showing free-running 

period and amplitude for behavior in C. Line indicates 0.001% significance level. Shaded 

areas indicate lights off.   
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Figure 3. Representative wheel-running behavior for C57BL/6J WT (top) and DKI 

(bottom) mice. (A) Double-plotted actograms show entrained behavior in LD. (B) 

Activity profile plots show averaged LD activity based on behavior in A. (C) Double-

plotted actograms show behavior starting 12 days after release into DD. (D) 

Representative χ2-periodogram plots showing free-running period and amplitude for 

behavior in C. Line indicates 0.001% significance level. Shaded areas indicate lights off.   
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Figure 4. Summary of circadian behavioral parameters for C57BL/6J DKI mice. 

Bar graphs indicating the mean ± SEM of percent activity during lights on in LD (A), 

free-running period (B), χ2-periodogram amplitude (C), alpha length (D), activity 

fragmentation (E), and bout duration (F) for C57BL/6J WT (n = 5) and DKI (n = 6) mice. 

*p < 0.05 
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Figure 5. Summary of circadian locomotor activity for α-KI and β-KI mice. (A,B) 

Representative wheel-running behavior for WT (left), α-KI (middle), and β-KI (right) 

mice. Double-plotted actograms show locomotor activity in LD (A) and DD (B). Shaded 

areas indicate lights off. (C-F) Bar graphs indicating the mean ± SEM of free-running 

period (C), χ2-periodogram amplitude (D), alpha length (E), and activity bouts per day (F) 

for WT (n = 10), α-KI (n = 5), and β-KI (n = 6) mice. One-way ANOVA; p > 0.05 for all 

graphs. 
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Figure 6. Neurophysiological activity of SCN neurons from C57 DKI mice. (A) 

Spontaneous action potential frequencies of SCN neurons during the subjective day (CT 

6-8) and subjective night (CT 18-20) from WT and DKI mice housed in DD. Black bars 

indicate the means for each group. (B) Representative cell-attached loose-patch traces (10 

s) from results quantified in A. *Significantly different from all other groups, p < 0.005, 

2-3 slices per genotype per time point. 
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Abstract 

Glycogen synthase kinase 3 (GSK3) is a serine-threonine kinase that is an 

emerging regulator of mammalian circadian rhythms at the behavioral, molecular and 

neurophysiological levels. In the central circadian pacemaker, the suprachiasmatic 

nucleus (SCN), GSK3 exhibits a rhythm in inhibitory phosphorylation across the 24h 

day. We have recently shown that GSK3 is capable of influencing both the molecular 

clock and SCN neuronal activity rhythms. However, whether GSK3 regulates the 

response to environmental cues such as light is not yet known. The goal of the present 

study was to test the hypothesis that GSK3 activation mediates light-induced SCN 

excitability and photic entrainment. Immunofluorescence staining in the SCN of mice 

showed that late-night light exposure significantly increased GSK3 activity (decreased 

pGSK3β levels) 30-60 minutes after the light-pulse. Additionally, pharmacological 

inhibition of GSK3 blocked the typical light-induced excitability in SCN neurons; 

however, this effect was not associated with changes in resting membrane potential or 

input resistance. Behaviorally, mice with constitutively active GSK3 re-entrained to a 6-h 

phase advance in the light-dark cycle in significantly fewer days than WT control 

animals. Furthermore, the behavioral and SCN neuronal activity of GSK3-KI mice was 

phase-advanced compared to WT, in both normal and light-exposed conditions. Finally, 

GSK3-KI mice exhibited normal negative-masking behavior and electroretinographic 

responses to light, suggesting that the enhanced photic entrainment is not due to an 

overall increased sensitivity to light in these animals. Taken together, these results 

provide strong evidence that GSK3 activation contributes to light-induced phase-resetting 

at both the neurophysiological and behavioral levels.  
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Introduction 

Entrainment is the process by which internal circadian rhythms are synchronized 

to the external environment. Although there are many environmental factors that can 

influence circadian rhythmicity (i.e. food availability, arousal), light is the major 

entraining signal to the master circadian pacemaker, the suprachiasmatic nucleus (SCN; 

(Czeisler, 1995; Golombek & Rosenstein, 2010)). Exposure to light at specific times of 

the night differentially shifts the phase of the molecular clock and behavioral activity 

rhythms (Golombek & Rosenstein, 2010). This process of phase-resetting in response to 

an acute light-pulse (LP) begins with glutamate release from the retinohypothalamic tract 

onto SCN neurons (Hannibal, 2002), resulting in an influx of Ca2+ through NMDA 

receptors and subsequent activation of multiple signal cascades. These cascades, which 

include activation of mitogen activated protein kinases (MAPKs) extracellular signal-

related kinases 1 and 2 (ERK1/2; (Obrietan et al., 1998; Butcher et al., 2003)), lead to the 

rapid induction of gene expression, including period1 (Per1; (Tischkau et al., 2003)). In 

the late-night, this upregulation of Per1 is followed by a persistent increase in SCN 

neuronal activity 3-5 hours later (Kuhlman et al., 2003).  

Although much work has examined the molecular events involved in the process 

of phase-resetting, very little is known about link connecting light-induced molecular 

events to neurophysiological excitability (Colwell, 2011). One candidate mediator is 

glycogen synthase kinase 3 (GSK3), a serine-threonine kinase that is an emerging 

regulator of mammalian circadian rhythms. Much of the previous research on the role of 

GSK3 in the circadian system has focused on its phosphorylation of multiple components 

of the core-molecular clock (Iitaka et al., 2005; Kurabayashi et al., 2010; Sahar et al., 
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2010). However, we have recently reported that chronic GSK3 activation increases SCN 

neuronal activity, highlighting GSK3 as a regulator of neurophysiological rhythms as 

well (Paul et al., 2012). Thus, GSK3 is in a unique position to provide the link between 

molecular rhythms and neuronal excitability. Additionally, research examining the role of 

GSK3 in the process of phase-resetting has been limited. Therefore, the goal of the 

present study was to test the hypothesis that GSK3 activation mediates light-induced 

SCN excitability and photic entrainment.  

 

Material and methods 

Animals  

Three to 7 month old homozygous Per1::GFP (Kuhlman et al., 2000), wild-type 

(WT) C57-BL6/J, and GSK3/21A/21A/9A/9A (GSK3-KI) mice (McManus et al., 2005) on 

a C57-BL6/J background were  group-housed in a 12:12 light/dark (LD) cycle (unless 

stated otherwise) with food and water ad libitum in accordance with UAB IACUC 

guidelines. Due to the increased variability in activity onset seen in female mice (Iwahana 

et al. 2008), only male mice were used for behavioral measures; however, both male and 

female animals were used for all other experiments. All animals were euthanized with 

cervical dislocation and rapid decapitation. Mice were sacrificed between Zeitgeber Time 

(ZT) 22-23 (where ZT 0 equals time of lights-on) for all experiments.  

 

Behavior 

Mice were housed in individual wheel cages, and wheel-running activity was 

recorded and analyzed using ClockLab software (Actimetrics, Wilmette, IL, USA). The 
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phase angle for each mouse was determined prior to shifting the light cycle by 6 h. 

Animals were considered to be entrained when the activity onset occurred within 20 min 

of the baseline phase angle. For the negative masking experiments, mice were maintained 

in LD, and exposed to 4-h LP of increasing intensity (~5-lux, dim red light; ~10-lux, dim 

white; and ~300-lux, bright white light) each night (ZT 14-18), with a 24-h period of 

normal LD in between. The amount of activity during the LP was compared to the 

activity at the same time on the previous night.  

For acute LP experiments, we used a modified Aschoff type-II protocol (Jud et 

al., 2005) in which mice in LD were released into constant dark (DD) for 10 days (LP-), 

re-entrained to LD for 14 days, released into DD again, and exposed to a 1-hour LP 

(~300 lux) at ZT 22 on the first day in DD (LP+). To eliminate the non-photic effects of 

wheel-running, the running-wheel was locked during the 1-hour LP and during the 

equivalent time in the LP- condition (ZT 22-23 on first day in DD). Regression lines were 

fit to the activity onsets on the last 5 days in LD and on days 4-10 in DD. The magnitude 

of the phase-shift was calculated as the difference between the activity onsets predicted 

by each fit line on the second day in DD.  

 

Electrophysiology  

WT and GSK3-KI mice, homozygous for Per1::GFP held in a 12:12 LD cycle 

were exposed to a 15-min LP (~500 lux) at ZT 22 and sacrificed immediately following. 

For no-light controls, animals were sacrificed and enucleated in the dark with the aid of 

night-vision goggles at ZT 22.25. Fresh coronal brain slices (200 um thickness) were 

prepared on a vibrating microtome (Campden 7000SMZ, World Precision Instruments, 



52 

Lafayette, IN, USA) while bathed in ice-cold oxygenated high-sucrose saline (in mM: 

250 sucrose, 26 NaHCO3, 1.25 Na2HPO4-7H2O, 1.2 MgSO4-7H2O, 10 glucose, 2.5 

MgCl2, 3.5 KCl. Slices were allowed to rest for 20-min in a bath containing room-

temperature, oxygenated solution of 50% high-sucrose saline and 50% normal saline (in 

mM: 130 NaCl, 20 NaHCO3, 1 Na2HPO4-7H2O, 1.3 MgSO4-7H2O, 10 glucose, 3.5 KCl, 

2.5 CaCl2). For recordings involving a pharmacological treatment, slices were transferred 

to heated bath of normal saline containing CHIR-99021 (CHIR; 1uM; Stemgent, 

Lexington, MS, USA) or vehicle (DMSO; 0.002%) for 1-hour (ZT 23-24). Slices were 

then transferred to a recording chamber and continuously perfused (2ml/min) with 

oxygenated, normal saline heated to 34 ± 0.5°C. Cells were visualized using an Axio 

Examiner microscope (Zeiss). Glass pipettes were pulled at a resistance of 3-5MΩ and 

filled with a filtered internal solution (in mM: (in mM: 135 K-gluconate, 10 KCl, 10 

HEPES, 0.5 EGTA; pH 7.4). Electrophysiological signals were processed and controlled 

by a Multiclamp 700B amplifier and pClamp 10.02 software (Axon Instruments, Union 

City, CA, USA) in gap-free or current-clamp mode. Recordings were sampled at 20 kHz 

and filtered at 10 kHz. Spontaneous firing rate was measured as the average action 

potential frequency from a 2-min recording. Resting membrane potential (RMP) was 

determined as the half-width voltage between action potentials. All recordings were made 

between ZT 1-3 or ZT 0-3. 

 

Immunohistochemisty (IHC) 

Per1::GFP mice were exposed mice were exposed to a 15-min light pulse (~300 

lux) at ZT 22, returned to darkness, sacrificed and enucleated 30-60 minutes later. Brains 
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were harvested and processed for IHC using rabbit anti-pGSK3β (1:1000; Cell Signaling, 

Danvers, MA, USA) and mouse anti-rabbit Alexafluor 488 (1:500; Invitrogen). 

Fluorescence intensity was measured in Image J software (NIH) by drawing a standard 

region of interest for the ventral, dorsal and whole SCN. The background intensity, taken 

from the anterior hypothalamus just outside the SCN was subtracted from all values.  

 

Electroretinogram (ERG) Recordings  

Following overnight dark adaptation, mice were anesthetized under dim red 

illumination with 100 mg/kg ketamine and 10 mg/kg xylazine. Under anesthesia, both 

eyes were treated with proparacaine HCl (0.5%) followed by a mixture of phenylephrine 

HCl (2.5%) and tropicamide (1%) for pupil dilation. A gold reference electrode was 

electrically connected to one eye and a platinum wire fiber-optic combination was 

connected to the other. Light stimuli were delivered directly onto the eye through the 

fiber-optic with a 100-W tungsten bulb light-source. Calibrated neutral density filters 

were used to control stimulus intensity, and the stimulus wavelength was 505 nm ± 15 

nm (wide-band filter). Stimulus flashes (2ms) were controlled by a computer-driven 

Uniblitz shutter.  Electrical responses were amplified (DC 300 Hz) and digitized at 2 

KHz.  Data analysis was performed using IGOR software (WaveMetrics).  

 

Data Analysis  

All statistics were calculated using SPSS 22 software. Data were analyzed with 

independent samples t-tests, two-way ANOVAs, two-way mixed-design ANOVAs, and 

linear-mixed model ANOVAS (using the Generalized Estimating Equations in SPSS). 
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Where indicated, post hoc tests were conducted using Tukey’s HSD or Fisher’s LSD for 

planned comparisons. Significance was ascribed at P < 0.05. 

 

Results 

Late-night light exposure induces GSK3β activation in SCN 

In the early stages of photic-phase-shifting, signal cascades such as the MAPK 

(Obrietan et al., 1998) or the mammalian target of rapamycin (mTOR) pathways (Cao et 

al., 2008) are activated through kinase phosphorylation (e.g. induction of pERK1/2, p-

p70 S6 kinase), initiating the molecular response to photic stimuli. To determine whether 

GSK3 was among one of the kinases involved in late-night phase-resetting, we exposed 

WT mice to a 15-min LP at ZT 22 and examined phosphorylation of GSK3β (pGSK3β) 

levels in the SCN of light-exposed and no-light controls at 30 and 60 min after LP onset. 

In control animals, pGSK3β levels were high throughout the whole SCN (Fig. 1A) as 

expected, according to previously published research (Iitaka et al., 2005). Exposure to an 

acute LP significantly activated (dephosphorylated) GSK3β (two-way ANOVA, main 

effect of light, F1,8 = 25.268, P = 0.001; Fig. 1B) at both time points, reducing pGSK3β 

levels by more than 50% overall. Though the light-induced suppression of pGSK3β 

appeared to occur predominantly in the ventral (core) region of the SCN (two-way 

ANOVA, main effect of light, F1,8 = 22.538, P < 0.001; Fig. 1C), pGSK3β levels were 

significantly reduced by light in the dorsal region as well (two-way ANOVA, main effect 

of light, F1,8 = 13.638, P < 0.01; Fig. 1D). 
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GSK3 activation is necessary for light-induced SCN neuronal activity 

Three to five hours following late-night light exposure, electrical activity is 

persistently elevated in the light-responsive neurons of the SCN which can be identified 

using the Per1::GFP reporter mouse model (Kuhlman). Recent work has demonstrated 

that GSK3 activation promotes neuronal excitability in both the SCN (Paul et al., 2012) 

and hippocampus (Hsu et al., 2015); therefore, we next sought to determine whether 

GSK3 activation was necessary for light-induced increase in SCN firing. To do this, we 

treated acute brain slices from light-exposed (LP+) or no light control (LP-) Per1::GFP 

mice with a small molecule GSK3 inhibitor, CHIR-99021 (CHIR; 1 µM) or vehicle 

(DMSO; 0.002%) for 1 hour (ZT 23-24) and performed fluorescence targeted loose-patch 

recordings on SCN neurons 3-5 hours after light exposure (ZT 1-3). As expected, light-

exposure significantly increased the spontaneous firing rate (SFR) in vehicle-treated 

slices, with LP+ cells spiking more than 2.5 times faster than LP- cells, on average (two-

way ANOVA, light X treatment interaction, F1,165 = 7.849, P < 0.01;  Tukey’s HSD post 

hoc test, P < 0.001; Fig. 2A, B). However, CHIR treatment significantly suppressed the 

SFR of LP+ neurons compared to vehicle treated LP+ cells (P < 0.01). Instead, the mean 

SFR of SCN CHIR treated LP+ neurons was essentially equal to that of the CHIR-treated 

LP- cells (P = 0.997). Interestingly, there was no difference between vehicle and CHIR 

treated LP- groups, suggesting that the effect of CHIR was specific to light-induced 

excitability (P = 0.88).  

The increase in SCN activity following a late-night LP has previously been 

associated with a depolarized resting membrane potential and increased input resistance 

(Kuhlman et al., 2003). To determine whether GSK3 inhibition blocked light-induced 
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excitability by acting on the membrane properties of the cell, we performed whole-cell 

current clamp recordings in LP+ slices treated with either CHIR or vehicle using the 

same paradigm as above. There were no significant differences in the resting membrane 

potential (independent samples t-test, t(27) = 0.434, P = 0.668; Fig. 2C) or input 

resistance (t(25) = 1.066, P = 0.296; Fig. 2D, E) between LP+ vehicle- or CHIR-treated 

cells. 

 

Chronic activation of GSK3 enhances behavioral and neurophysiological response to 

light 

We next sought to determine the role of GSK3 activation in regulating the effect 

of light on circadian rhythms at the behavioral level by comparing WT mice to mice with 

constitutive activation of GSK3 (i.e., GSK3-KI mice) such that both α and β isoforms of 

GSK3 can no longer be phosphorylated and inactivated (McManus et al., 2005; Paul et 

al., 2012). To examine effect of chronic GSK3 activity on photic entrainment, we first 

measured rate of re-entainment of GSK3-KI and WT mice to a 6-hour advance in the 

light-cycle (Fig. 3A, B). When the light-cycle was advanced by 6 h, GSK3-KI animals 

entrained to the new  LD cycle in significantly fewer days than WT mice (means ± SEM: 

GSK3-KI, 4.75 ± 0.41; WT, 7.4 ± 0.62 days; independent samples t-test, t(20) = -3.677, P 

= 0.001; Fig. 3).  

To determine whether the enhanced photic entrainment of GSK3-KI mice in was 

due to increased sensitivity to light outside of the circadian system, we next examined 

negative masking behavior in GSK3-KI and WT mice. While maintained in LD, mice 

were exposed to a 4-hour pulse of dim red, dim white, or bright white light in the middle 
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of the night (ZT 14-18; Fig. 4A, B). Negative masking was measured as the percent of 

activity during the LP relative to amount activity during the same time on the previous 

day (Fig. 4B). When exposed to dim red light, the majority of WT mice (5/7) exhibited a 

slight increase in wheel-running activity, known as positive masking, whereas, in the 

GSK3-KI group, dim red light decreased activity in 4/7 animals; however, the percent of 

activity was not significantly different between groups. Furthermore, both genotypes 

exhibited similar levels of negative masking during the dim- and bright-white light pulses 

(two-way mixed design ANOVA, main effect of light intensity, F2,11 = 79.007, P < 0.001; 

Fig. 4B). 

As an additional measure of non-circadian light processing, we investigated 

whether there were any gross retinal abnormalities in these mice. Specifically, we 

performed ERG analysis on GSK3-KI mice (n = 7; Fig. 4C) and WT controls (n = 6; Fig. 

4D) and found that there were no significant differences between the two mouse lines in 

any of the parameters of dark-adapted retinal function that were tested (Fig. 4E). Light-

adapted ERG, designed to isolate cone photoreceptor responses, also demonstrated 

similarity between WT and GSK3-KI mice (Fig. 4E). Likewise, there were no significant 

differences in the timing (time-to-peak, means ± SEM: WT, 124 ± 4; GSK3-KI, 116 ± 5 

ms) or amplitude (means ± SEM: WT, 60.0 ± 14; GSK3-KI, 46.5 ± 5 µV) of the photopic 

negative response (PNR), which represents ganglion cell activity (Fig. 4F). Overall, the 

retinas of each mouse line do not appear to be functionally different. Taken together with 

the negative-masking behavior, these results suggest that the effect of GSK3 on photic 

entrainment is likely not due to altered retinal function.  
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We also tested the phase-shifting effects of an acute light-pulse in WT and GSK3-

KI mice using a modified Aschoff type-II protocol (see methods). Briefly, we first 

measured the phase-angles of mice in two conditions: first, after release into DD with no 

light exposure (LP-; Fig. 5A, B) and second after re-entrainment and release into DD 

following a 60-min LP (LP+) at ZT 22 (Fig. 5C, D). As expected, exposure to a late-night 

LP caused a significant advance in both genotypes (mixed-design ANOVA, main effect 

of light, F1,12 = 70.227, P < 0.001; Fig. 5E). Surprisingly, the magnitude of the light-

induced phase-shift was not different between genotypes (non-significant light x 

genotype interaction, P = 0.692). Instead, the activity onsets of GSK3-KI mice were 

significantly more advanced than WT mice in both LP- and LP+ conditions (main effect 

of genotype, F1,12 = 5.360, P < 0.05; Fig. 5E). Light exposure also significantly shortened 

the free-running period in DD similarly in both genotypes (mixed-design ANOVA, main 

effect of light, F1,12 = 12.242, P < 0.005; Fig. 5F).  

To determine whether the chronic GSK3 activity affected the SCN 

neurophysiological response to light, we performed targeted loose-patch recordings in 

SCN slices from light-exposed (LP+) or no-light control (LP-), GSK3-KI or WT mice, 

using the same paradigm as in the previous recordings (Fig. 2). Because the behavior of 

GSK3-KI mice was phase-advanced compared to WT mice in both LP- and LP+ 

conditions, we examined the spontaneous SCN activity 2-5 hours after light-exposure 

(ZT 0-3). Overall, SCN firing was significantly increased in GSK3-KI and light-exposed 

slices (linear mixed-model ANOVA; main effect of light, Χ2(1) =  24.717, P < 0.001; 

main effect of genotype, Χ2(1) = 9.568, P < 0.005; Fig. 6A); however, as shown in Fig. 

6B and 6C, timing of light-induced excitability differed between genotypes (three-way 
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interaction, Χ2(2) = 7.254, P < 0.05). In WT slices, light exposure did not increase SCN 

firing until the second hour of recording (LP- WT vs LP+ WT: first hour, P = 0.458; 

second hour, P < 0.05), whereas in LP+ GSK3-KI slices, the SFR was significantly 

increased as early as ZT 0 (Fig. 6B). Furthermore, in the LP- groups, GSK3-KI cells were 

significantly more excited than WT neurons in the ZT 2-3 time window. These results 

suggest that, similar to the advanced behavioral phase-angle (Fig. 5), the early-morning 

increase in SCN excitability of GSK3-KI mice was advanced in both LP- and LP+ 

conditions.  

 

Discussion 

In the present study, we present strong evidence that GSK3 activation serves a 

critical role in photic entrainment and light-induced SCN excitability. Specifically, we 

found that: 1) acute late-night light exposure activates GSK3β in the SCN, 2) GSK3 

activation is necessary for light-induced neuronal excitability, 3) mice with constitutively 

active GSK3 exhibit enhanced photic entrainment despite having normal non-circadian 

light processing, and 4) locomotor activity onset and the early morning rise in SCN 

neuronal activity of GSK3-KI animals is phase-advanced in both sham and LP-stimulated 

conditions  

Our first result that GSK3 is activated by late-night light exposure is consistent 

with another recent report showing a light-induced decrease in the number of pGSK3β 

positive cells in rat SCN (Cervena et al., 2015). However, in that study, the change in 

GSK3β phosphorylation was not observed until two hours after light exposure as opposed 

to the data presented here which suggests the change in GSK3 activity occurs more 
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rapidly, as early as 30 min post LP. These conflicting results are likely due to the 

numerous methodological differences, including animal species, LP timing and housing 

condition of the animals prior to experiment (DD vs. LD).  

Unlike the transient activation of other light responsive kinases such as ERK1/2 

(Butcher et al., 2003; Cervena et al., 2015) and other MAPKs (Nakaya et al., 2003), 

which return to pre-LP levels within an hour after light exposure, GSK3β activation 

persists at least one hour after the LP has ended (Fig. 1). Glutamate-induced phase-

advances in SCN firing rhythms are attenuated when MAPK inhibitors and glutamate are 

applied simultaneously (Tischkau et al., 2000). In contrast, we discovered that inhibition 

of GSK3 as late as 1-2 hours after the light stimulus was sufficient to block the increase 

in SCN firing during early phase-resetting period. This result demonstrates a need for 

persistent GSK3 activation long after other light-responsive kinases have returned to 

baseline activity levels. Interestingly, exposure to non-photic stimuli have been shown to 

block light-induced phase-shifts, even with exposure separated by up to an hour in time 

(Lall & Biello, 2002). Thus, GSK3 activity could be an intriguing target of other 

entrainment pathways as well.  

Our finding that GSK3 activation promotes light-induced phase-advances is 

supported by the results that mice expressing chronically active forms of GSK3 exhibit 

rapid re-entrainment to an advance in the light-cycle. Interestingly, the enhanced 

response to light demonstrated in GSK3-KI mice was specific to circadian behavior, as 

GSK3-KI mice responded no differently from WT controls in negative masking behavior 

or in ERG responses under multiple lighting conditions. Conflicting with our data 

showing normal ERG responses in GSK3-KI mice, previous work has shown a decrease 
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or increase in ERG b-wave amplitude in GSK3β-overexpressing or -haploinsuffient mice, 

respectively (Lavoie et al., 2014). However, in the GSK3-KI mice used here, both 

isoforms of GSK3 are expressed at physiological levels suggesting that changes in the 

amount total GSK3 rather than levels of phosphorylation are necessary for changes in 

retinal function.   

In addition to accelerating the rate of photic-entrainment, chronic activation of 

GSK3 also advanced the phase-angle of entrainment in wheel-running activity. This 

finding is consistent with past work showing that significant delays in the phase-angle of 

mice fed lithium, a known to GSK3 inhibitor (Iwahana et al., 2004). Typically, the 

changes in the phase-angle of entrainment are associated with a change in the free-

running period under constant conditions. Surprisingly, the FRP of GSK3-KI mice was 

no different than WT, despite exhibiting an advanced phase-angle. One intriguing 

explanation for the advanced behavioral rhythms is the elevated SCN neuronal activity 

also seen in the GSK3-KI animals. A recent study has demonstrated that optogenetic 

stimulation of SCN neurons alone is sufficient to shift both molecular and behavior 

rhythms, mimicking the effects of a light-pulse (Jones et al., 2015). Future work in the 

GSK3-KI animals examining SCN activity throughout the entire circadian cycle could 

provide more insight into the behavioral phenotype seen in these animals (Paul et al., 

2012) as well as further elucidate the connection between neurophysiological and 

behavioral rhythms.  

Taken together, the results of this study provide support for the hypothesis that 

GSK3 activity promotes light-induced SCN excitability. Previous work on GSK3 

regulation of the circadian system has focused predominantly on daily rhythmicity; 
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however, the results presented here strongly suggest that GSK3 is a previously 

unexplored regulator of photic entrainment as well. GSK3 dysregulation has also been 

implicated in numerous disorders that have also been associated with chronic light 

exposure at night, such as depression (Bedrosian et al., 2013), obesity (Fonken et al., 

2013; Fonken & Nelson, 2014), and cancer (Dauchy et al., 2014). Therefore, better 

understanding the effects of light on GSK3 and its role in regulating SCN 

neurophysiology could provide new treatment strategies for these disorders in the future.  
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Figure 1. Acute light-pulse at ZT22 reduces GSK3β phosphorylation in SCN. 
Representative images of anti-pGSK3β staining (A) and quantification of background 

subtracted fluorescence intensity for whole (B), ventral (C) and dorsal (D) regions of 

SCN sections from mice 30- or 60-minutes after exposure to a 15-minute light pulse 

(LP+, yellow) or no light controls (LP-, black) taken at the same time. N = 3 sections per 

group per time point. Main effect of light *P < 0.01, **P < 0.005. 
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Figure 2. GSK3 inhibition blocks light-induced increase in SCN neuronal activity. 

(A) Spontaneous action potential frequencies (means ± SEM) of SCN neurons treated 

with vehicle (DMSO, 0.002%) or CHIR (1 µM) for 1 hour (ZT 23-24) following 

exposure to 15-min light-pulse (LP+) or no light (LP-) at ZT 22. Recordings were made 

3-5 hours after onset of photic stimulus (ZT 1-3). (B) Representative cell-attached loose-

patch traces (5 s) from each group in (A). ***P < 0.001, n = 41-43 cells, 3-4 slices per 

group. (C-D) Means ± SEM of resting membrane potential (C) and input resistance (D) 

from LP+ SCN neurons treated with vehicle or CHIR (as in A). (E) Representative 

current clamp recordings from cells quantified in (C-D). n = 13-15 cells, 2-3 slices per 

group.  
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Figure 3.  Chronic GSK3 activation enhances re-entrainment to advance in light-

cycle. (A-B) Representative double-plotted actograms of wheel-running behavior from 

WT (A) and GSK3-KI (B) mice undergoing a 6-hour advance in the LD cycle. Arrows 

indicated the first day each animal is considered re-entrained to the new LD cycle. (C) 

Daily activity onset (mean ± SEM) for days before and after advance in the LD cycle 

(day 0). Grey bars mark the times of lights-off. n = 10-12 animals per genotype.  

 

  

A B C 

GSK3-KI WT 



69 

 

 

Figure 4. Chronic GSK3 activation does not alter negative masking behavior or 

ERG responses to light. (A) Representative single-plotted actograms from WT and 

GSK3-KI mice exposed to increasing intensities of light for 4 hours during the dark phase 

(shown in box). Gray marks the time of lights off. (B) Means ± SEM of the percent of 

activity during LP relative to activity on the previous day. (C-D) Representative ERG 

recordings from WT (C) and GSK3-KI (D) mice elicited by increasingly intense 2 ms 
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B A 

WT 

KI 

E F 
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flashes of light that delivered 2.2, 30, 5100, and 23,550 photons/µm2 to the cornea. Red 

trace is the b-wave elicited by flash intensity of 30 photons/µm2. (E) Means ± SEM of 

dark adapted and light adapted ERG amplitudes elicited by 2 ms flash of light at highest 

intensity in (C-D). (F) The photopic negative response was elicited by averaging a series 

of 10 brief flashes (5100 photons/µm2) that were delivered on a steady background (4500 

photons/µm2sec1). The maximum amplitude and time-to-peak of the trough that follows 

the response represents the values of the PNR reported. 
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Figure 5. Phase-angle of entrainment is advanced in GSK3-KI mice and following 

acute LP in late-night. (A-D) Representative single-plotted actograms of WT (A, C) and 

GSK3-KI (B, D) mice exposed to a 1-hr LP with accompanying wheel-clip (C-D; LP+) 

or wheel-clip alone (A-B; LP-) at ZT 22 on first day in DD. A line was fit to the activity 

onsets for the last 5 days in LD and days 3-9 in DD. The difference of these fit lines on 

day 1 in DD was defined as the phase shift. (E-F) Means ± SEM of phase-shift magnitude 

(E) and free-running period in DD (F) for animals represented in A-B. Main effect of 

light (P < 0.001) and genotype (P < 0.05), n = 7 mice per genotype.  
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Figure 6. Light-induced increase in SCN excitability occurs earlier in GSK3-KI 

mice. (A) Spontaneous AP frequencies (means ± SEM) of SCN neurons from WT or 

GSK3-KI mice following exposure to a 15-min light-pulse (LP+) or no light (LP-) at ZT 

22. Recordings were made 2-5 hours after onset of photic stimulus (ZT 0-3). Main effect 

of light, P < 0.001; main effect of genotype, P < 0.005; n = 61, 92 cells, 3-6 slices per 

group. (B-C) Graph (means ± SEM) of data from (A) divided into 1-hr bins depicting WT 

and GSK3-KI SFR from LP+ (B) or LP- (C) groups. ***P = 0.001, *P < 0.05; Fisher’s 

LSD post hoc test.    
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Abstract 

How neurons encode intracellular biochemical signaling cascades into electrical 

signals is not fully understood. Neurons in the central circadian (daily) clock in mammals 

provide a model system to investigate electrical encoding of biochemical timing signals. 

Using a combined modeling/experimental approach, we show how the activation of 

glycogen synthase kinase 3 (GSK3) contributes to neuronal excitability through 

regulation of the persistent sodium current (INaP). INaP exhibits a day/night difference in 

peak magnitude and is regulated by GSK3. Using mathematical modeling, we predict and 

confirm that GSK3 activation of INaP affects the action potential after-hyperpolarization, 

which increases the spontaneous firing rate without affecting the resting membrane 

potential. Together, these results demonstrate a crucial link between the molecular 

circadian clock and electrical activity, providing examples of kinase regulation of 

electrical activity and the propagation of intracellular signals in neuronal networks. 

 

Introduction 

Much information processing in the brain occurs through electrical signaling, 

where the opening and closing of ion channels controls the properly timed firing of action 

potentials. At the same time, biochemical networks within neurons separately regulate 

transcription, translation, and post-translational modifications to determine cell fate, time 

cellular events, and control cell size. How neurons integrate information between the two 

levels has remained a key open problem in neuroscience.   

An important model system for studying this phenomenon is the neuronal 

network within the suprachiasmatic nuclei (SCN) of the hypothalamus, which forms the 
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central circadian (24-h) pacemaker [1]. Within the neurons of the SCN, an intracellular 

clock generates daily rhythms through regulation of transcription factors, kinases, and 

other signaling molecules [2]. Timing information is relayed to the rest of the body 

through a variety of electrical behaviors and signals produced by SCN neurons [3]. 

Understanding how cellular timekeeping and electrical activity are integrated is an 

essential ongoing question in the field. Since many of the molecular and electrical 

components of the clock are well characterized, the SCN is a perfect system for 

investigating the greater question in neuroscience of how intracellular biochemical 

information is electrically encoded. 

One potential link between cellular biochemistry and electrical activity is 

glycogen synthase kinase 3 (GSK3). GSK3 activation enhances the spontaneous firing 

rate [4], is regulated in a circadian manner [5, 6], and modulates molecular timekeeping 

within SCN neurons [5], providing a potential link between the molecular and electrical 

activities of the SCN. Here, we test the hypothesis that GSK3 regulates specific ionic 

currents that affect the spontaneous firing of action potentials.  As GSK3 is implicated in 

many other intracellular processes [7-10] (e.g., inflammatory pathways, neurotrophic 

signaling, Wnt and mTOR cascades), GSK3 could provide a universal link between the 

biochemical state of the cell and its electrical activity. 

It has been previously reported that several specific ionic currents are activated in 

a circadian manner [3], and thus, may provide a primary mechanism for controlling 

circadian variation in electrical activity. The presumed mechanism of circadian regulation 

of many currents, however, is through transcriptional regulation of their channels, which 

is energetically inefficient. Another challenge to this hypothesis is that experimental and 
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computational studies implicate sodium currents as the most important regulators of 

firing rate in SCN neurons [11, 12], but no evidence to support a day-night difference in 

these currents has been presented to date. Here we propose another mechanism for the 

regulation of the electrical activity of a neuron by molecular signaling through GSK3. 

Using a combination of mathematical modeling and experimental work, we show that 

GSK3 efficiently regulates the firing rate of the cell by modulation of a persistent sodium 

current without causing the significant depolarization that could signal back to the 

molecular circadian clock. 

 

Results 

Inhibition of GSK3 suppresses neuronal excitability in a time-of-day dependent manner 

We initially determined whether acute regulation of GSK3 changes the electrical 

activity of SCN neurons during the day and night. Compared to vehicle, inhibition of 

GSK3 with a pharmacological inhibitor (CHIR99021; 1 µM) significantly decreased the 

spontaneous firing rate (SFR) of SCN neurons from hypothalamic slices in a phase-

specific manner (p = 0.018; Fig 1A and 1B). GSK3 inhibition significantly suppressed 

SFR during the day between Zeitgeber Time (ZT) 4 and 8 (p < 0.001). Conversely, at 

night (ZT 14-18), both treatment groups were similarly quiescent (p = 0.608). The 

observed day-time suppression was replicated with another GSK3 inhibitor (SB415286; 1 

µM), which significantly decreased SFR by 66% compared to vehicle (mean ± SEM, 

vehicle: 5.05 ± 0.44; SB415286, 1.71 ± 0.28; n = 34-38 cells/group). These results 

suggest that inhibition of GSK3 suppresses SCN neuronal excitability during the day. 
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The firing rate of neurons can be regulated by numerous mechanisms, including 

depolarization of the membrane [13]. We conducted whole-cell current clamp recordings 

to determine whether CHIR-induced suppression of excitability was due to membrane 

hyperpolarization. Consistent with recent reports [14, 15], day-phase SCN neurons 

exhibited a wide range of resting membrane potentials (RMP) which was not affected by 

GSK3 inhibition (p = 0.133; Fig 1C). There was also no significant difference in input 

resistance (Fig S1A and S1B), suggesting that the decreased excitability in CHIR-treated 

neurons was not due to an increase in the potassium leak conductance [16].  

As seen in the vehicle-treated controls during the midday (Fig 1C), SCN neurons 

are capable of exhibiting multiple phenotypes in spontaneous electrical activity [17] and 

can be classified as silent, spiking, having depolarized low-amplitude membrane 

oscillations, or exhibiting depolarization block. In spontaneously spiking neurons, action 

potentials are separated (or generated) by smooth depolarizing ramps to threshold (Fig 

1E). In contrast, when GSK3 was inhibited, cells within this same voltage range exhibited 

no spontaneous activity (Fig 1D). Interestingly, a subset of cells continued to exhibit 

calcium-driven low amplitude membrane potential oscillations in the presence of CHIR 

(similar to tetrodoxin in [12, 18]), and the frequency of these oscillations was not 

different from vehicle-treated cells (Fig S1C), suggesting that GSK3 inhibition may 

modulate SCN excitability through suppression of a TTX-sensitive, voltage-gated sodium 

current. Because the persistent sodium current has been shown to provide at least part of 

the excitatory drive to action potential (AP) threshold [12], which appeared to be 

diminished in CHIR-treated cells, we next considered the effect of GSK3 activation on 

the persistent sodium current. 
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GSK3 inhibition suppresses a persistent sodium current specifically during the day  

Recent work has implicated GSK3 in regulating the expression of Nav1.6 

channels [19, 20], which are thought to be one of the major sources of a slowly-

inactivating, or persistent, sodium current or INaP [21], Although small in magnitude, INaP 

typically contributes to excitation of repetitively firing neurons by augmenting small 

depolarizations during the interspike interval [12]. In SCN cells, INaP is proposed to 

provide the excitatory drive toward threshold [12], and silencing INaP suppresses action 

potential firing in SCN cells [22]. Therefore, we examined the effect of GSK3 inhibition 

on INaP by measuring the current response to a slow (59 mV/s), depolarizing voltage ramp 

from -100 mV to 10 mV [23] before and after treatment with the selective persistent 

sodium channel blocker riluzole (20 µM, 3-min). The voltage ramp elicited an inward 

current in vehicle-treated cells at the range of INaP activation, starting at -52.4  1.1 mV 

and peaking at -26.8  0.7 mV (means ± SEM; n = 20 cells). During the day, the 

magnitude of peak INaP was significantly reduced in CHIR-treated cells compared to 

vehicle-treated controls at baseline (p = 0.042; Fig 2A and 2B). Riluzole significantly 

suppressed the amount of inward current (p < 0.001) and eliminated the difference 

between CHIR- and vehicle-treated cells (Fig 2C). However, at night, CHIR did not 

suppress baseline INaP compared to vehicle-treated controls (Fig 2D, 2E and 2F). These 

results suggest that GSK3 inhibition decreases INaP in day-phased SCN neurons and that 

this current is driven at least in part by GSK3 activation. Because circadian regulation of 

GSK3 inactivation increases throughout the night [5] when SCN cells are mostly 
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quiescent, GSK3 regulation of INaP provides a previously unexplored mechanism 

underlying the daily rhythms in SCN excitability. 

 

INaP is regulated by time-of-day and activation of GSK3 

Complementary to the present results that GSK3 inhibition suppressed SCN 

activity during the day but not the night, we have recently reported that chronic GSK3 

activation increases neuronal firing at night, but not the day [4]. To determine if chronic 

GSK3 activation enhances INaP in SCN neurons, we measured INaP currents from wild-

type mice and transgenic mice with constitutive GSK3 activation (i.e., GSK3-KI mice) 

due to serine-alanine substitutions at the two inhibitory phosphorylation sites in subunits 

GSK3α and GSK3β (S21 and S9, respectively) [24]. Although previous reports have 

suggested that INaP does not exhibit a day/night difference in the SCN based on gene 

expression [3, 25]; until now, no study has examined INaP isolated current at both times of 

the day.  

We found that WT neurons exhibited a significant increase in INaP during the day 

compared to the night (p = 0.02; Fig 3A). Further, INaP was enhanced in GSK3-KI cells 

compared to WT cells (p = 0.008; Fig 3B and 3C). Surprisingly, the effect of chronic 

GSK3 activation was independent of time of day as both genotypes exhibited a day-night 

different in INaP magnitude (p = 0.01; Fig 3B, 3C and 3D). Follow-up recordings from 

WT and GSK3-KI cells at night in the presence of CdCl2 (0.1mM) and TEA (10mM) 

yielded similar results (Fig S2), suggesting that enhanced inward current was not driven 

by calcium or potassium currents and could be due to shuttling or sequestration of 

constitutively active GSK. 
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Mathematical model predicts GSK3 effect on INaP through modulation of channel 

conductance 

To investigate how GSK3 affects neuronal excitability through INaP, we 

incorporated the INaP current into a conductance-based single cell model of SCN 

electrophysiology that simulates electrical activity with millisecond resolution based on 

sodium, potassium, calcium (L-type and non L-type), calcium-activated potassium, and 

leak (Na-leak and K-leak) currents17. We modified the published model with the addition 

of INaP with dynamics fit using the voltage ramp data (Fig 2 and 3) as described in the 

Methods section. We found that the dynamics of INaP are consistent with a conductance-

based model of the form INaP = -gNaP(V-ENa)p, with the activating gating variable p 

ranging between 0 and 1. Currents for all experimental conditions could be fit to this 

form by varying the maximal conductance gNaP (Fig S3: gNaP values are GSK3-KI, day: 

2.27; GSK3-KI, night: 2.13; WT, day: 2.09; WT, night: 1.59; CHIR, day: 1.97; CHIR, 

night: 1.46). This finding suggests that the action of GSK3 on INaP is primarily through 

changing the maximal conductance of INaP channels rather than the channel kinetics. 

We validated the model after the addition of the INaP current by performing 

voltage ramp simulations mimicking the analogous experiments presented in Figures 2 

and 3 (Fig 4). Simulated voltage ramps with and without INaP matched the magnitudes of 

the inward currents seen experimentally in each condition: with simulated application of 

CHIR (Fig 4A), wild-type (Fig 4B), and with simulated constitutively active GSK3 (Fig 

4C), where each condition is reproduced simply by tuning the maximal conductance of 

the INaP current (gNaP). 
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INaP mediates GSK3-induced excitability at night 

Since the effects of INaP have been shown to be different in isolated cells or in a 

network, we used this ionic single cell model in a previously validated SCN neuronal 

network model [17, 26].  This model also used a validated model of the intracellular 

timekeeping system within individual cells. Using the model, we tuned the strength of 

INaP to mimic the transition from low to normal to high GSK3 activity (e.g. CHIR to WT 

to GSK3-KI) and then examined the resulting changes in neuronal excitability. A total of 

1024 GABAergic and VIP-coupled SCN neurons were studied, and the WT cells 

exhibited a variety of firing activities with circadian variation. As gNaP is increased to the 

level of GSK3-KI mice, the model predicted that many of the cells which were normally 

quiescent at night became spontaneously active. Voltage for a sample quiescent WT 

neuron at night varied little from the RMP (Fig 5A), whereas the identical simulated 

neuron with gNaP increased to GSK3-KI levels fired action potentials spontaneously (Fig 

5B). Furthermore, approximately half of cells in the WT network were quiescent at night, 

while in the GSK3-KI network, the majority of neurons were spiking (Fig 5C). Since all 

parameters other than gNaP were identical between the simulations, the change in activity 

must have been due to the persistent sodium current. 

To test this model prediction, we examined the spontaneous firing rate of WT and 

GSK3-KI SCN neurons following application of riluzole (10 μM) and compared it to 

vehicle controls. Consistent with our previous work, vehicle-treated GSK3-KI cells had a 

significantly increased spontaneous firing rate compared to WT neurons (p < 0.001; Fig 

5D and 5E). This hyper-excitability was rescued in riluzole-treated GSK3-KI cells (p < 
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0.001), which did not differ from either WT group. Since the majority of SCN neurons 

are relatively quiescent during the night, we also quantified the number of spiking versus 

non-spiking cells from WT and GSK3-KI mice in riluzole- and vehicle-treated conditions 

and found significant differences between groups (p < 0.001; Fig 5F). While ~40% of 

WT neurons were silent, almost all of the GSK3-KI neurons were spiking (p < 0.001), as 

predicted by the model. Moreover, the ratio of spiking to non-spiking cells was restored 

to WT levels upon riluzole treatment, while riluzole had no effect on WT neurons at night 

(p = 0.5; Fig 5F). Taken together, these results suggest that active GSK3 promotes 

neuronal excitability in an INaP-dependent manner. 

 

GSK3 promotes excitability through control of AHP but not RMP 

We next investigated how INaP affects intrinsic excitability. Often increases in 

excitability are due to depolarization of the RMP; however, the model unexpectedly 

predicted that increasing INaP in firing neurons causes an increase in firing rate with 

minimal change to the RMP of the cells (Fig 6A and 6B). This model prediction is 

consistent with our experimental results that GSK3 inhibition suppresses SCN activity 

without affecting RMP (Fig 1).  

Further analysis of our model simulations revealed that the increased excitation 

through INaP is instead caused by suppression of the AP after-hyperpolarization (AHP). In 

both spiking and initially silent WT neurons at night, increasing the magnitude of INaP by 

increasing gNaP from CHIR to GSK3-KI levels caused the minimum voltage attained after 

an action potential to become more depolarized without changing the RMP (Fig 6A and 

6B). Thus the magnitude of the AHP diminished, allowing cells to fire more rapidly (Fig 
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6A and 6B). According to the model, the degree of after-hyperpolarization following an 

action potential depends on the balance of INaP (positive-inward) and IKCa (positive-

outward) currents. By plotting each of the currents that contribute to changes in 

membrane voltage, it is apparent that most of the currents involved in generating the 

action potential shut off rapidly (Fig 6C). Only INaP and IKCa persist through the interspike 

interval, setting the AHP magnitude and the depolarizing ramp back toward threshold. 

Increasing INaP or decreasing IKCa causes a decrease in the AHP magnitude and 

consequently speeds up the firing rate. Conversely, decreasing INaP or increasing IKCa 

increases the AHP magnitude and slows firing (Fig 6D).  

To test the prediction that increasing INaP decreases AHP without affecting RMP 

experimentally, we performed whole-cell current clamp recordings in WT and GSK3-KI 

neurons during the day and night (Fig 7A and 7B). As predicted by the model, there was 

no correlation between peak INaP and RMP (r = -0.094, p = 0.463; Fig S4). Both 

genotypes exhibited a day/night difference in RMP (p = 0.008), and there was no 

difference in RMP between genotypes for the majority of neurons (two-way ANOVA 

with depolarization block cells excluded; p = 0.433; Fig 7C). However, for the subset of 

neurons in depolarization block, constitutive activation of GSK3 resulted in a more 

depolarized RMP (Two-way ANOVA with all cells included; p = 0.016; Fig 7C). This 

effect was predicted by the model as well since the voltage-gated sodium channels 

responsible for INaP are held open at the higher voltages seen in depolarization block-type 

neurons, leading to an increase in RMP (Fig 7D). Additionally, analysis of the action 

potential waveforms of the spontaneously active cells from the same recordings revealed 

a significant decrease in the AHP in the GSK3-KI neurons (p = 0.012), particularly 
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during the night, such that the day-night difference in AHP is diminished in GSK3-KI 

neurons (Fig 8A and 8B). Moreover, consistent with the model prediction, both the AHP 

amplitude and the SFR of all spontaneously spiking cells were significantly negatively 

correlated with INaP peak current, such that the larger the INaP magnitude, the smaller the 

after-hyperpolarization (r = -0.732, p < 0.001; Fig 8C) and faster the SFR (r = -0.550, p = 

0.001; Fig 8D). 

 

Discussion  

Here, we present evidence that the rhythmically phosphorylated kinase GSK3 [5] 

promotes neuronal excitability through regulation of INaP. In particular, we find that: 1) 

GSK3 activity regulates INaP, 2) INaP exhibits a day/night difference in peak magnitude 

that is regulated by GSK3, and 3) INaP promotes firing and decreases AP after-

hyperpolarization without affecting RMP. Our experiments were conducted in the SCN, 

the site of the central circadian pacemaker. As molecular circadian timekeeping can be 

found in many parts of the brain [27], this mechanism could be widely used in the brain 

to control many systems. Of particular interest are the regions of the brain that regulate 

mood, as impaired molecular circadian timekeeping has been implicated in mood 

disorders [28]. Given that GSK3 phosphorylation and INaP are altered by mood stabilizing 

drugs such as lithium [29] and riluzole [30], respectively, this work may provide a 

potential basis for the chronotherapeutic control of mood. 

Despite the known importance of INaP as a pacemaker potential in many types of 

spontaneously active neurons [31-34], including the SCN [12, 22, 23], INaP has been 

largely overlooked as a potential contributor to the circadian modulation of rhythmic 



85 

firing [3, 22, 35]. However, the present study is the first to show that INaP is greater in 

magnitude during the day (~5 pA) than at night. This difference in INaP magnitude is 

sufficient to have a notable impact on excitability of compact, high Rinput neurons such as 

those in the SCN. Prior work has shown that blockade of INaP with riluzole acutely 

silences spontaneous firing [22] and chronically dampens the circadian amplitude of SFR 

rhythms of individual SCN neurons [35]. Conversely, our results demonstrate that high, 

day-like INaP levels seen in GSK3-KI neurons at night are sufficient to induce spiking in 

neurons that would normally be silent (Fig 6) as well as increase the SFR of already 

spiking neurons (Fig 7A).   

By combining modeling and experimental methods, we present an intriguing 

approach for how the molecular circadian clock controls electrical activity. Unlike Na+ 

leak currents which were recently shown to promote excitability of clock neurons by 

membrane depolarization [36], our data show a mechanism for how INaP regulates the 

firing rate of action potentials without affecting the RMP of neurons that are 

hyperpolarized or spiking. We also show that the balance between INaP and IKCa controls 

both the depolarizing ramp toward the action potential threshold and, surprisingly, the 

magnitude of the after-hyperpolarization following an action potential. This balance 

could be crucial to action potential frequency as a previous modeling/experimental study 

proposes that changes in RMP can phase shift the circadian clock [26]. Thus, the 

mechanism we propose can faithfully reflect the state of the circadian clock in firing rate, 

without disrupting molecular circadian timekeeping itself.   

Our work also shows how changes in INaP permeate throughout the SCN network. 

Since the SCN is coupled via mainly inhibitory GABA, increasing the firing rate causes 
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more inhibitory post-synaptic currents, which could slow firing. However, inhibitory 

post-synaptic currents can both increase and decrease firing in SCN neurons [26], so the 

effects of inhibitory GABA are not always intuitive. Nevertheless, our modeling and 

experimental data show an increase in firing rate throughout the network, and in 

particular, a change in the electrical state of neurons that produces an increase in the 

proportion of neurons that are firing. Together, this work highlights GSK3 as a 

mechanism for modulating not just firing of a single cell, but also global network 

properties. 

Further clarification of the details of GSK3 regulation is an interesting question 

for future study. Despite much work, the actual mechanism of circadian regulation of 

GSK3 activity remains unknown. Interestingly, the suppression of INaP by 

pharmacological GSK3 inhibition was restricted to the day, when GSK3 activity is high, 

whereas the effect of GSK3 activation was not phase-specific. That is, GSK3-KI had 

enhanced, but unexpectedly rhythmic INaP. We cannot rule out a compensatory 

mechanism or developmental effects as explanations of this result, although it should be 

noted that no gross developmental differences have been previously reported in this 

animal model [24]. Alternatively, this finding could point toward another mechanism, in 

addition to phosphorylation, by which GSK3 function is regulated within the SCN (i.e. 

sequestration, localization, or priming kinases) [37]. GSK3 likely directly phosphorylates 

individual persistent sodium channels by a mechanism that also remains to be found. 

Intriguingly, aging-induced circadian decline is associated with disrupted SCN firing rate 

and AHP in the absence of altered PER2 expression [38, 39], leading to the proposal that 

SCN neuronal activity may be the “weak link” in the circadian system [3]. Given that p-
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GSK3 levels are decreased in the SCN of aged rodents, GSK3 control of INaP may be one 

source of age-related circadian disruption. While more work is necessary to explore this 

concept as well as the biophysical mechanism by which GSK3 activates INaP, this work 

suggests a promising new motif in which a kinase can directly regulate electrical activity 

acutely and without transcriptional cost. Because of its efficiency, this is a motif likely to 

be found in other brain regions as well.  

 

Methods 

Animals  

Homozygous Per1::GFP [40], wild-type (WT) C57-BL6/J, and 

GSK3α/β21A/21A/9A/9A (GSK3-KI) mice (2-5 months old; male and female) backcrossed for 

at least 10 generations to C57BL/6 mice, in which regulatory serine-alanine substitution 

on both isoforms of GSK3 rendered GSK3 de-phosphorylated and constitutively active 

[24] were group-housed (2-5 animals per cage) in a 12:12 light/dark (LD) cycle with ad 

libitum access to food and water and handled in accordance with the University of 

Alabama at Birmingham (UAB) Institutional Animal Care and Use Committee (IACUC) 

and National Institutes of Health (NIH) guidelines. Mice were euthanized with cervical 

dislocation and rapid decapitation. 

 

Electrophysiology  

Sample sizes were based on previous work with similar effect sizes and 

significant differences between groups, given the same methodologies for both loose 

patch and whole cell electrophysiology [41-43]. Fresh brain slices were prepared from 
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mice sacrificed between ZT 2-3 or ZT 11-12 for day and night recordings, respectively 

using previously published methods (as in [4]). All recordings were made between ZT 4-

8 or ZT 14-18. For GSK3 inhibitor experiments, the chamber was perfused with 

extracellular solution containing 1µM CHIR-99021 (Stemgent, San Diego, CA) or 

vehicle (0.002% DMSO) starting at ZT 3.5 or ZT 13.5, and targeted recordings were 

made from SCN cells between ZT 4-8 or 14-18.  For riluzole loose-patch recordings, 

bath-application of vehicle (0.01% DMSO) or 10µM Riluzole began at ZT 13 and 

recordings were made from ZT 14-18. Electrodes with a pipette resistance of ~4-6 MΩ 

were filled with filtered, K+-gluconate solution (as in [4]). Firing-rate was measured as 

the average of a 120-sec record. Comparisons of genotypes did not allow randomization 

to WT/GSK3-KI groups (but see congenic strain background above). In addition, no 

specific methods were used to randomize mice to experimental groups or to blind 

investigators to treatment; however treatment, time-of-day, and genotype measurements 

were always interleaved. 

 

Whole-cell electrophysiology  

Slices were prepared using the same methods and solutions described previously 

[4]. Riluzole-sensitive current was measured using a slow depolarizing voltage ramp (-

100mV to +10mV, 59mV/s) before and after 3 min Riluzole (20µM) application[22]. At 

least 5-10 sweeps of the voltage ramp protocol were averaged for each cell, and baseline 

subtracted by fitting the linear portion between -85mV and -65mV to zero[22]. Peak 

sodium current was determined as the minimum point of a 4th-7th order polynomial fit 

applied to the baseline subtracted curve between -55mV to -10mV. For current clamp 
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recordings, cells were recorded in gap-free current clamp mode. Resting membrane 

potential (RMP) was determined as the average voltage half-way between two action 

potentials. Cells were classified by neurophysiological phenotypes based on RMP and 

spontaneous event amplitude. Using a k-means cluster analysis, each neuron was grouped 

into one of four categories while blind to experimental group. Based on the results, SCN 

neurons were classified as either (1) silent, (2) spiking, (3) having depolarized electrical 

states with low amplitude membrane oscillations (DLAMO), or (4) exhibiting 

depolarization block[17]. For cells classified as spiking, the AP after-hyperpolarization 

was measured using the template search function in Clampfit 10 (Axon Instruments) to 

determine the average anti-peak amplitude for each cell. In all whole-cell experiments, 

recordings were made within 5 minutes of breaking into the cell. Cells with greater than -

50pA of leak recorded in the seal test, with excessive break through spikes in voltage-

ramp protocol (indicative of poor voltage control), or which did not exhibit a rebound 

spike after terminating a hyperpolarizing current injection were excluded from the 

analysis. 

 

Data analysis  

Data were analyzed with independent samples t-tests, two-way ANOVAs, linear 

mixed model two-way ANOVA, Pearson’s correlation, three-way loglinear analysis and 

chi-squared tests with SPSS 21.0 (IBM Statistics). In the event that assumptions of 

normality and homogenous variances were not met (tested by Shapiro-Wilks and 

Levene’s tests, respectively), a nonparametric Kruskal-Wallis or the Scheirer, Ray, and 



90 

Hare extension of the Kruskal Wallis was used instead. Significance was ascribed at p < 

0.05. 

 

 

 

Model fitting of INaP  

The voltage dependence of INaP was determined using the current response to a 59 

mV/s depolarizing voltage ramp, from -100 mV to 10 mV. Current values were fit for 

voltages between -65 mV and -20 mV, since cellular voltages are usually in this range. 

For fitting, the transient sodium current in the model was ignored since the effects of this 

current were seen in some experimental recordings, but not all, and never contributed to 

the inward current in the same voltage range as INaP. The least current was seen in night 

phase cells after treatment with riluzole. This was taken as the baseline, and subtracted 

away from current response curves for day and night phase cells in three experimental 

conditions: wildtype, after treatment with the GSK3 blocker CHIR, and in slices from 

GSK3-KI animals. The dynamics of the INaP current were consistent with a conductance-

based model of the form INaP = -gNaP(V-ENa)p, with the activating gating variable p 

ranging between 0 and 1. Fitting the currents, we found that p should satisfy the standard 

Hodgkin-Huxley style gating variable equation  

𝑑𝑝

𝑑𝑡
=

𝑝∞(𝑉) − 𝑝

𝜏𝑝
 

with 

 𝑝∞(𝑉) =
1

(1 + exp (−
𝑉 + 25

7.4 ))
1.5  
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and 𝜏𝑝 = 100. Currents for all experimental conditions could be fit to this form by 

varying gNaP (Figure S3: gNaP values are GSK3-KI day 2.27, GSK3-KI night 2.13, WT 

day 2.09, WT night 1.59, CHIR day 1.97, CHIR night 1.46,).  

This current was included into a detailed multiscale ordinary differential equation 

model of the SCN [26] containing both a molecular clock model, describing the 

transcriptional/translational feedback loops at the heart of circadian timekeeping, as well 

as detailed cellular electrophysiology with millisecond resolution. The SCN 

electrophysiology model (adapted from [17] included circadian variation in two 

conductances (gKCa and gK-leak). We additionally incorporate GSK3 control of the INaP 

amplitude through the function S = 21.0*(gto-1.66), where gto is the molecular clock 

variable corresponding to GSK3 activity [44, 45]. The maximal INaP conductance is then 

given by: 

WT: gNaP = 1.59+0.5/(1.0+exp(-S))  

CHIR: gNaP = 1.46+0.51/(1.0+exp(-S)) 

GSK3-KI: gNaP = 2.13+0.14/(1.0+exp(-S)) 

according to the values for day and night in each experimental condition, as in Figure S3. 

This reproduces the day-night difference in INaP amplitude described above. To 

compensate for the addition of this current, we reduce the circadian drive of gKCa and gK-

leak to 60% of its original value (R = 6.81*clk*(G-0.25)). Additionally, the magnitude of 

the GABA current was reduced (gGABA=0.1). All other parameters were as in [26]. With 

these small modifications, the model reproduces the circadian variation in electrical 

activity seen experimentally and the many electrical states seen within the normal SCN 

24-hour cycle (Figure 5c and data not shown; [15, 17].  
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Code availability  

The code for our single cell model of the electrical activity of SCN neurons with 

INaP will be deposited on ModelDB. From this code, the single cell and network behavior 

can be generated. Details of our model network simulations can be found in [26]. 
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Figure 1. GSK3 inhibition suppresses excitability.  

(A) Spontaneous action potential frequencies (mean ± SEM) from 2-min loose-patch 

recordings of neurons treated with vehicle (0.002% DMSO) or CHIR-99021 (CHIR, 1µM) 

during the day (ZT 4-8) or early-night (ZT 14-18). CHIR significantly suppressed SCN 
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activity during the day (***p < 0.001) but not the night (n.s. p = 0.608). Two-way ANOVA; 

treatment X time interaction, F(1,146) = 5.772, p = 0.018. From left to right, n = 38 cells, 4 

slices; 41 cells, 4 slices; 38 cells, 3 slices; 33 cells, 3 slices.  

(B) Representative cell-attached loose-patch traces (10 s) from each group.  

(C) Dot plot of resting membrane potential for individual SCN neurons treated with vehicle 

or CHIR during the mid-day (ZT 4-8). Line indicates mean for each group. There was no 

difference in RMP between groups. Independent samples t-test; t(67) = -1.521, p = 0.133; n 

= 34-35 cells, 5-6 slices per group.  

(D-E) Representative current clamp traces (5 s) of SCN neurons from each group in (C). 

Inset shows depolarizing ramp between action potentials in control cells.  
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Figure 2. GSK3 inhibition suppresses INaP during the day but not the night. 

(A-B, D-E) Average normalized response to slow depolarizing voltage ramp (-100 to +10 

mV; 59 mV/s) from SCN cells treated with (A, D) vehicle (DMSO, 0.002%) or (B, E) 

GSK3 inhibitor (CHIR, 1μM) at baseline and after 3-min treatment with persistent sodium 

current blocker, riluzole (20 μM).  

(C, F) Peak inward current (mean ± SEM) at baseline and after riluzole treatment. 

Recordings made between ZT 4-8 (A-C) or ZT 14-18 (D-F). During the day (C) CHIR-

treated cells had significantly reduced inward current at baseline (*p = 0.042) that was lost 

after blockade of INaP with riluzole (p = 0.350). Two-way, mixed-design ANOVA; 

Treatment X Riluzole interaction, F(1,31) = 5.455, p = 0.026; n = 13-20 cells, 4 slices per 

group. At night (F) peak inward current did not differ between CHIR- and vehicle-treated 

cells at baseline or after treatment with riluzole (non-significant main effect of CHIR, F(1,33) 

= 0.150, p = 0.748; n = 13-22 cells, 4 slices per group). 
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Figure 3. INaP enhanced during the day and by chronic GSK3 activation. 

(A) Average normalized response to slow depolarizing voltage ramp (-100 to +10 mV; 59 

mV/s) from SCN cells from WT during the mid-day or early-night.  

(B-C) Average normalized responses to voltage ramp from WT or GSK3-KI SCN cells 

during the day (B) or night (C).  

(D) Means ± SEM of peak inward current from cells in (A-C). Two-way ANOVA; main 

effect of time, F(1,80) = 7.009, p = 0.01; main effect of genotype, F(1,80) = 7.506, p = 0.008. 

For all panels: WT day, n = 28 cells, 5 slices; WT night, n = 22 cells, 3 slices; GSK3-KI 

day, n = 18 cells, 4 slices; GSK3-KI night, n = 16 cells, 3 slices.  

 

 

  



104 

 

Figure 4. Modeling of voltage-ramp experiments.  

(A) Simulations of the voltage-ramp protocol in WT model cells with and without riluzole 

(R=3.1, vehicle: gNaP=2.08, riluzole: gNaP=0). Our model matched the data collected in Fig 

2A and shows the effects of the persistent sodium current in the model. 

(B) Simulations of the voltage-ramp protocol under CHIR with and without riluzole 

(R=3.1, vehicle: gNaP=1.46, riluzole: gNaP=0). This matches Fig 2B and shows the effect of 

inhibiting GSK3 in our model. 

(C) Simulations of the voltage-ramp protocol in the GSK3-KI compared to WT (R=3.1, 

WT: gNaP=2.08, GSK3-KI: gNaP=2.85). This matches the data in Fig 3B, and shows how 

the overactive kinase increases the persistent sodium current.  
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Figure 5. Riluzole blocks GSK3-induced excitability. 

(A-B) Representative model recordings (1 s) from nighttime cell with INaP at WT (A) or 

GSK3-KI (B) level shows that increasing INaP alone is sufficient to induce spontaneous 

activity in a silent cell. Gray line indicates RMP (-63.4 mV).  

(C) Percentage of silent versus spiking neurons seen in SCN network model at night with 

WT or GSK3-KI levels of INaP before and after INaP blockade with riluzole. 

(D) Box plot of early-night spontaneous action potential frequencies of SCN neurons from 

WT or GSK3-KI mice treated with vehicle (DMSO, 0.01%) or riluzole (10 µM), showing 

10th and 90th percentiles (whiskers), 25th and 75th percentiles (box borders), median (center 

line), and outliers (symbols). Scheirer-Ray-Hare Kruskal-Wallis test, main effect of 

genotype, H(1) = 7.009, p < 0.001; main effect of treatment, H(1) = 8.089, p < 0.001, and 

interaction, H(1) = 4.834, p < 0.001, post hoc asymptotic significance, p < 0.001.  

(E) Representative cell-attached loose-patch traces (5 s) from each group.  

(F) Quantification of silent versus non-silent cells for each group in (D-E). Three-way 

loglinear analysis, three-way interaction, Χ2
(1) = 25.852, p < 0.001. Follow-up chi-squared 

tests revealed that GSK3-KI cells were significantly more likely to be spiking than WT 

vehicle-treated cells (Χ2
(1) = 32.428, p < 0.001). Blocking INaP with riluzole increased the 

proportion of silent cells in GSK3-KI slices (Χ2
(1) = 44.735, p < 0.001) up to that of WT 

levels (Χ2
(1) = 0.430, p = 0.313), whereas riluzole had no effect on the proportion of silent 

cells in WT slices (Χ2
(1) = 0.034, p = 0.5). For panels (D, F): WT and WT + riluzole, n = 

60 cells, 2 slices; GSK3-KI, n = 84 cells, 3 slices; GSK3-KI + riluzole, n = 86 cells, 3 

slices. 
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Figure 6. Model predicts INaP promotes excitability through AHP but not RMP. 

(A-B) Model prediction of resting membrane potential (RMP), minimum voltage attained 

after an action potential (AHP), and spontaneous firing rate (SFR) at different levels of INaP 

for a WT-spiking (A) or WT-silent (B) SCN neuron at night. The WT-silent neuron begins 

to fire when INaP is increased to GSK3-KI levels. When either neuron fires, increasing INaP 

increases the SFR without changing the RMP by decreasing the magnitude of the AHP. 

(C) Various currents associated with a typical SCN action potential. During the AHP and 

ramp back to threshold, all currents other than INaP and IKCa have inactivated.  

(D) Heat map showing the contributions of gNaP and gKCa toward setting the SFR (in Hz) 

of SCN neurons.  
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Figure 7. GSK3 activity promotes nighttime excitability without affecting RMP. 

(A-B) Representative whole-cell current clamp recordings (5 s) from WT (A) and GSK3-

KI (B) SCN neurons in early-night. Dashed gray line indicates -40 mV.   

(C) Dot plot of resting membrane potential for individual WT or GSK3-KI SCN neurons 

recorded from during the day or early-night. Lines indicate mean ± SEM for each group. 

Cells were significantly more depolarized during the day and in GSK3-KI slices. Two-way 

ANOVA; main effect of time, F(1,64) = 7.474, p = 0.008; main effect of genotype, F(1,64) = 

6.099, p = 0.016. From left-to-right, n = 21 cells, 4 slices; 19 cells, 3 slices; 11 cells, 3 

slices; 17 cells, 3 slices. The effect of genotype on RMP was driven by groups of cells in 

depolarized block (non-significant main effect of genotype when depolarized block cells 

were excluded from analysis; F(1,54) = 0.623, p = 0.433). 

(D) Model prediction of effect of INaP conductance (gNaP) on RMP shows that increasing 

gNaP causes a cell in depolarization block to further depolarize but has no effect on the RMP 

of a hyperpolarized, silent cell. 
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Figure 8. GSK3 decreases the AHP magnitude through INaP. 

(A) Average action potential waveforms from spontaneously active SCN neurons from 

WT or GSK3-KI mice recorded in mid-day or early-night. For visualization, all 

waveforms were adjusted to same baseline (-40 mV, dashed line) before averaging.  
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(B) Mean ± SEM of AHP magnitude (difference from RMP) from cells represented in 

(A). AHP amplitude was significantly decreased during the day and in GSK3-KI cells. 

Two-way ANOVA; main effect of time, F(1,30) = 10.266, p = 0.003; main effect of 

genotype, F(1,30) = 7.085, p = 0.012. For panels (A-B): WT day and GSK3-KI night, n = 

11 cells, 3 slices; WT night, n = 4 cells, 3 slices; GSK3-KI day, n = 8 cells, 3 slices. 

(C) Amplitude of AHP and peak INaP of spiking cells from all groups are significantly 

correlated. Pearson correlation, R = -0.732, p < 0.001. Lines represent linear fit and 95% 

confidence intervals of all cells in plot. 

(D) Spontaneous AP frequency and peak INaP of spiking cells from all groups are 

significantly correlated. Pearson correlation, R = -0.550, p = 0.001. Lines represent linear 

fit and 95% confidence intervals for all cells in plot. For panels (C-D): WT day, n = 9 cells; 

WT night, n = 4 cells; GSK3-KI day, n = 8 cells; GSK3-KI night, n = 10 cells. 
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Figure S1. GSK3 inhibition does not alter input resistance or DLAMO frequency. 

(A) Bar graph (mean ± SEM) for input resistance of vehicle and CHIR treated SCN cells 

recorded during the day (independent samples t-test; t(64) = -0.562, p = 0.576; n = 31-35 

cells, 3-4 slices per group). 

(B) Representative current clamp traces from vehicle and CHIR treated SCN cells which 

were injected with progressive steps of hyperpolarizing current (5 pA steps from -25 pA 

to 0 pA). 

(C) Bar graph (mean ± SEM) for oscillation frequency of vehicle and CHIR treated SCN 

cells exhibiting DLAMO’s (independent samples t-test; t(27) = 1.061, p = 0.298; n = 13-16 

cells, 3-4 slices per group). 
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Figure S2. Calcium and potassium channel blockers do not alter enhanced inward 

current in GSK3-KI mice. 

Average normalized response to slow depolarizing voltage ramp (-100 to +10 mV; 

59mV/s) of SCN cells from WT or GSK3-KI during the early-night in the presence of 

TEA (10mM) and CdCl2 (0.1mM). Peak INaP (means ± SEM shown as black and red 

symbols) in these conditions were similar to those measured in normal saline (see Fig 

3C). n = 5-7 cells, 2 slices per group.  
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Figure S3.  Computational model fits experimental data of the circadian change in 

peak INaP. Voltage ramps used to fit our model of INaP. Data (solid lines), and model 

predictions (dashed) are compared in the CHIR (A), WT (B) and GSK3-KI (C) 

conditions. Day and night curves were fit to determine the circadian change in peak 

current. 
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Figure S4. RMP is not correlated with peak INaP in SCN neurons from WT and 

GSK3-KI mice.  

Pearson correlation, R = -0.094, p = 0.463. Lines represent linear fit and 95% confidence 

intervals for all cells in plot. WT day, n = 19 cells, 4 slices; WT night, n = 10 cells, 3 

slices; GSK3-KI day, n = 18 cells, 3 slices; GSK3-KI night, n = 16 cells, 3 slices. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

 In the mammalian circadian system, the generation of endogenous rhythms and 

synchronization of those rhythms to the external environment takes place within the 

suprachiasmatic nucleus (SCN). This information is then relayed to the rest of the body 

through patterns of SCN neuronal activity, yet the mechanism connecting the molecular 

clock to membrane excitability remains unclear. To begin to fill this gap, this dissertation 

tested the hypothesis that GSK3 activity regulates circadian behavior and photic 

entrainment through promotion of SCN neuronal excitability and then identified the 

persistent sodium current (INaP) as an ionic component through which GSK3 influences 

SCN physiology. 

 Increasing evidence has shown that GSK3 expresses daily changes in 

phosphorylation (inactivation) levels in the SCN (Iwahana et al., 2004, Iitaka et al., 2005, 

Iwahana et al., 2007, Besing et al., 2015), but the importance of these changes in 

circadian rhythmicity have not been studied until now. Chapter 2 explored the role of 

GSK3 activity rhythms in general circadian rhythmicity of the organism by examining 

wheel-running behavior and SCN neuronal activity in mice expressing constitutively 

active forms of GSK3 (GSK3-KI; (McManus et al., 2005)). Chronic GSK3 activation 

resulted in dampened and fragmented behavioral rhythms and prolonged activity phase 

(shortened rest period). Importantly, constitutive activation of GSK3α or GSK3β alone 
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was not sufficient to disrupt behavioral rhythms, suggesting redundancy in the functions 

of the two isoforms in the circadian system. Along with this behavioral disruption, the 

day/night difference in SCN neuronal activity was also dampened in GSK3-KI animals, 

driven by high, day-like activity seen during the subjective night. Taken together the 

results of Chapter 2 demonstrate the importance of GSK3 activity rhythms in regulating 

SCN output signaling.     

 Aside from controlling endogenously driven behavioral rhythms, changes in SCN 

excitability have been associated with phase-resetting in response to external stimuli 

(Kuhlman et al., 2003). Therefore, Chapter 3 examined the role of GSK3 activation in the 

process of photic entrainment and light-driven increases in SCN activity. Exposure to a 

phase-advancing light pulse (LP) in the late-night dramatically decreased the pGSK3β 

levels (increased GSK3 activity) in SCN neurons, lasting up to one hour after LP onset. 

Additionally, pharmacological inhibition of GSK3 in the 1-2 hour period following a LP, 

completely blocked the typical increase in SCN action potential firing seen during the 

early-phase resetting period (3-5 hours post LP) but surprisingly did not affect RMP or 

Rinput. Behaviorally, chronic activation of GSK3 accelerated the rate of re-entrainment to 

an advance in the light cycle and advanced the phase-angle of entrainment in both normal 

and LP exposed conditions. Similarly, the early-morning rise in SCN neuronal activity 

started earlier in GSK3-KI than in WT slices irrespective of light-exposure.  

 The fourth chapter identified INaP as a specific ion current through which GSK3 

controls excitability in SCN neurons. An unexpected finding was that the persistent 

sodium current exhibited a previously overlooked day/night difference in peak current 

magnitude. Specifically, INaP was higher during the day, when GSK3 activity (Besing et 
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al., 2015) and SCN excitability (Inouye and Kawamura, 1979) are elevated. Furthermore, 

GSK3 inhibition reduced the INaP and spontaneous firing rate of SCN cells only during 

the day, bringing INaP down to “night”-like levels. Conversely, chronic activation of 

GSK3 increased INaP at both times of day. Finally, blocking INaP with riluzole completely 

rescued the night-time hyper-excitability of GSK3-KI neurons, and restored the ratio of 

silent/spiking cells to WT levels.  

 

GSK3 in the circadian system: remaining questions 

Rhythmic regulation of GSK3: other mechanisms?  

The data presented here have highlighted the limitations of genetic models 

compared to pharmacological manipulations. The effect of pharmacological inhibition of 

GSK3 was predictably specific to experimental conditions in which GSK3 activity was 

expected to be high (i.e. during the day or after a phase-shifting LP). Conversely, chronic 

GSK3 activation, as in the GSK3-KI model, rather consistently caused the same effect in 

all conditions (i.e. day and night, with and without LP). The lack of phase-specific effect 

in the GSK3-KI animals raises an interesting question of whether GSK3 activity in the 

SCN is being regulated through another mechanism in addition to phosphorylation.  

  Though circadian phosphorylation of GSK3 at the inhibitory phosphosites S21 

and S9 (for α and β) has been demonstrated in multiple tissues, including the SCN 

(Iwahana et al., 2004, Iitaka et al., 2005, Besing et al., 2015), more work is needed to 

determine how this phosphorylation cycle is being controlled by the clock. Additionally, 

there are multiple other mechanisms by which GSK3 activity is regulated that have yet to 

be explored. For example, phosphorylation of GSK3α/β on tyrosine-279/216 (Y279/216), 
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typically through auto-phosphorylation (Cole et al., 2004), increases GSK3 activity 

(Hughes et al., 1993). GSK3 can also be regulated through cellular localization or 

sequestration (Taelman et al., 2010). Finally, GSK3 requires many of its substrates to 

first be phosphorylated by another “priming” kinase before it can act on its target 

(Woodgett and Cohen, 1984, Cohen and Frame, 2001). Interestingly, two of the possible 

priming kinases for GSK3, CK1 and MAPKs, are both integrally involved in the 

circadian molecular clockwork (Gallego and Virshup, 2007, Goldsmith and Bell-

Pedersen, 2013). Moreover, MAPK exhibits circadian and light-induced changes in 

activity within the SCN (Obrietan et al., 1998), which may account for some of the 

rhythms and light-induced changes that remain in GSK3-KI mice.   

 

Is GSK3 involved in nonphotic entrainment? 

 Although light is the strongest zeitgeber in the mammalian circadian system, 

nonphotic cues also act as entraining signals in the SCN and often work in opposition to 

light. For example, access to a novel running wheel proceeding light exposure attenuates 

the magnitude of light-induced phase-shifts in hamsters (Mistlberger and Antle, 1998). 

This same effect can be replicated with microinjections of neuropeptide Y (NPY) into the 

SCN region (Huhman and Albers, 1994) and systemic injections of serotonin (5-HT) 

receptor 1A agonist 8-OH-DPAT (Rea et al., 1994). Interestingly, when serotonergic 

input from the median raphe nucleus to the SCN is ablated, animals exhibit accelerated 

entrainment to shifts in the light cycle as well as enhanced phase-shifts to an acute LP 

(Pickard and Rea, 1997), similar to GSK3-KI mice (Chapter 3). Activation of 5-HT1A 

receptors has been shown to inhibit GSK3 activity through increased phosphorylation in 
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numerous brain areas outside the SCN (Li et al., 2004, Polter et al., 2012). Moreover, the 

light-opposing effects of 5-HT in drosophila appear to be dependent on inhibition of the 

GSK3 homolog, SGG (Yuan et al., 2005). Thus, phosphorylation of GSK3 in SCN 

neurons may provide convergence point for both photic and nonphotic pathways, 

allowing for the integration of multiple entrainment signals before relaying that 

information to the peripheral clocks.  

 

Health implications 

GSK3: the “weak link” in the aging circadian system 

 The decline in sleep and circadian rhythms associated with aging have been well 

documented across species. In humans, age has been associated with increased sleep 

fragmentation at night, high frequency of napping during the day, and progressively 

advanced phase-angle (Dijk and Duffy, 1999). Aging in mice has been associated with 

largely the same phenotype, with older animals showing lower activity levels, reduced 

circadian amplitude, and more frequency, but shorter duration, bouts of activity per day 

(fragmentation; (Nakamura et al., 2011, Farajnia et al., 2012)). These changes are 

remarkably similar to the circadian phenotype seen in adult GSK3-KI mice (Chapter 2). 

Moreover, aged mice also exhibit changes in SCN neuronal activity similar to those seen 

in GSK3-KI mice. In vivo multi-unit activity (MUA) recordings in the SCN of freely-

moving mice, as well as in vitro MUA SCN recordings, both showed that rhythms of 

SCN firing, with trough levels of activity higher in old animals at night (Nakamura et al., 

2011, Farajnia et al., 2012). Furthermore, current-clamp recordings from SCN neurons 

have shown a loss of the nighttime increase in action potential after-hyperpolarization 
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(AHP) amplitude in old animals (Farajnia et al., 2015). Given that pGSK3 levels have 

been shown to decrease with age throughout the brain (Peng et al., 2013), including the 

SCN (Iwahana et al., 2007), dysregulation of GSK3 activity might be an underlying cause 

of the circadian disruption associated with age.  

 Surprisingly, the aging-related decline in behavioral and SCN neurophysiological 

rhythms are not associated with changes in the molecular clock, as robust PER2 rhythms 

persist in SCN from aged mice (Nakamura et al., 2011, Sellix et al., 2012). This suggests 

that the decline in circadian system is down-stream of the molecular clock, and through 

changes in the electrophysiological properties of the cell that would not feed back onto 

the clock. Many of the previous mechanisms of regulating SCN excitability have focused 

on changes in the RMP, but modeling and experimental evidence suggests that changes in 

RMP would also impact the molecular clock (Diekman et al., 2013). However, GSK3 

regulation of INaP provides a new mechanism by which SCN neuronal excitability can be 

altered without changing RMP. Therefore, further work exploring the changes in INaP in 

SCN neurons with age could provide new insight into underlying cause of circadian 

disruption in seen in normal aging.   

 

Abnormal aging: Alzheimer’s disease 

 Aside from changes seen in normal aging, circadian disruption has also been 

associated with numerous neurodegenerative disorders, including Huntington’s and 

Parkinson’s disease (Kudo et al., 2011b, Kudo et al., 2011c). One disorder that is of 

particular relevance to this dissertation because of the intersection of GSK3, circadian 

disruption, and aberrant neuronal excitability is Alzheimer’s disease (AD). AD is a 
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progressive neurodegenerative form of dementia associated with elevated levels of the 

amyloid β (Aβ) peptide and the formation of pathological Aβ plaques and neurofibrillary 

tangles (Selkoe, 1999). Recent work has shown that the level of circulating Aβ, which is 

also found in the cerebrospinal fluid (CSF) of healthy individuals, is tightly coupled to 

sleep/wake cycles, with Aβ levels increasing throughout the activity phase of humans and 

rodents (Kang et al., 2009). Furthermore, prolonged sleep deprivation has been found to 

potentiate Aβ plaque formation in the multiple mouse models of AD (Kang et al., 2009). 

Interestingly, GSK3 activation (low pGSK3) is elevated in the brains of transgenic AD 

mice (Peng et al., 2013), and acute application of Aβ to hippocampal neurons in vitro 

decreases pGSK3 levels within 20 minutes (Scala et al., 2015). Additionally, Aβ-induced 

excitability in CA1 neurons can be rescued with pharmacological inhibitors of GSK3 

(Scala et al., 2015) or INaP (Ren et al., 2014). Therefore, GSK3 regulation of neuronal 

excitability through INaP could have broad implications outside the circadian system as 

well.      

 

Conclusions 

Until now, the vast majority of research on GSK3’s role in circadian rhythmicity 

has focused on its regulation of the molecular clock while neglecting its influence on 

membrane excitability. The studies presented here provide novel insight into GSK3’s 

control over SCN neuronal activity, and highlight INaP as the first (of potentially many) 

specific ionic component that is regulated by GSK3 in the SCN. Aberrant GSK3 activity 

has been observed in animal models of numerous disorders, such as, depression (Polter et 

al., 2010), mania (Prickaerts et al., 2006), Fragile-X syndrome (Min et al., 2009, 
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Yuskaitis et al., 2010), and neurodegenerative diseases (Terwel et al., 2008, Duka et al., 

2009, Armentero et al., 2011), which commonly show symptoms of circadian disruption 

in humans (Barnard and Nolan, 2008, Kronk et al., 2010). Therefore, further 

understanding GSK3’s role in regulation of circadian output and photic entrainment 

could provide insight into the proper timing of treatments that inhibit GSK3 or the use of 

light therapy in conjunction with GSK3 inhibiting agents to restore proper rhythms in 

GSK3 activity. 
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