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ABSTRACT OF THE DISSERTATION 

 

A study on circadian regulation of the cardiovascular system: 

dysfunction in the BACHD Huntington’s Disease model and  

Vasoactive Intestinal Peptide-deficient mice and  

the use of scheduled exercise to rescue circadian deficits. 

 

by  

 

Analyne Manzano Schroeder 

Doctor of Philosophy in Molecular, Cellular and Integrative Physiology 

University of California, Los Angeles, 2012 

Professor Christopher S. Colwell, Chair 

 

The circadian system coordinates rhythms of behavior, physiology and gene expression with the 

external cues of light and dark, and the dysfunction of this system leads to the development of 

disease. Huntington’s disease patients experience circadian symptoms and are at an increased 

risk for serious cardiovascular events that often lead to death. We, therefore, explored circadian 

and cardiovascular dysfunction in the BACHD model of Huntington’s disease (HD). Diurnal and 

circadian rhythms of heart rate (HR), heart rate variability (HRV) and body temperature were 

significantly blunted along with dysfunction of the autonomic nervous system as measured by 

baroreceptor reflex. Circadian disruption could be attributed to reduced Vasoactive Intestinal 

Peptide (VIP) signaling in HD, therefore, we examined whether cardiovascular rhythms were 
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disrupted in the VIP-deficient mouse. We detected deficits in the diurnal and circadian rhythms 

of HR, HRV, body temperature and cage activity in VIP-deficient mice, suggesting that VIP is 

crucial for the circadian regulation of physiological outputs, including the cardiovascular system. 

Stabilization and realignment of the circadian system with the light/dark cycle may help decrease 

the risk of cardiovascular disease. Therefore, we explored the ability of scheduled exercise to 

drive and reorganize rhythms in behavior, physiology and gene expression in WT and VIP-

deficient mice. Many of the deficits in diurnal rhythms displayed by VIP-deficient mice were 

rescued by exercise during the late night. In summary, these studies examined mechanisms by 

which the circadian system regulates the cardiovascular system using BACHD and VIP-deficient 

mice. We also introduced a new tool to help temporally restructure behavior, which improved 

various parameters of the circadian system in a circadian compromised mouse model.  This tool 

could potentially be applied to humans with circadian symptoms, to help deter the development 

of cardiovascular disease associated with circadian disruption. 
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CHAPTER 1 
 

i. Introduction 
 

Overview 

Life has evolved under the influence of daily light/dark cycles, which is evident in most 

biological processes that display circa (about) dian (day) oscillations including behavior, 

physiology, and gene expression.  The ability of life forms, ranging from unicellular 

microorganisms to complex, multi-system, social animals such as humans, to adapt and 

anticipate the daily onset of light and dark, provides advantages in survival either by avoiding the 

DNA damaging effects of the sun, anticipating food availability, or preventing disease.  In 

context of current human challenges, it is becoming evident that disruptions of the daily cycle 

correlate with increased incidence of disease that include heart failure, diabetes and cancer to 

name a few.  This emphasizes the need to examine how circadian inputs regulate biological 

processes in order to study the mechanisms involved in the development of disease as a result of 

circadian disruption.  Lastly, by understanding what goes wrong, methods to prevent or minimize 

negative effects can be conceived. 

 

The suprachiasmatic nucleus as the master pacemaker 

 Circadian rhythms are an endogenous timing mechanism that enables the coordinated 

timing of behavioral, physiological, and biochemical processes with the 24-hour cycles of light 

and dark (Takahashi et al., 2008).  Through lesion and rescue experiments, a paired nuclei located 

in the hypothalamus called the suprachiasmatic nucleus (SCN) was determined necessary for the 

generation of normal circadian rhythms (Stephan & Zucker, 1972; Moore & Eichler, 1972; 

Lehman et al., 1987).  These SCN neurons have the intrinsic ability to generate circadian rhythms 
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in electrical activity, secretion, and metabolism driven by a cell-autonomous molecular feedback 

loop made up of key clock genes such as period (Per1, Per2), crypto chrome (Cry1, Cry2), clock 

(Clk) and Bmal1 that are themselves rhythmically transcribed and translated (Hastings et al., 

2003).  These molecular and cellular processes within the SCN are reset by light at certain phases 

of the endogenous cycle (Kuhlman & McMahon, 2006).  Light is the major entrainor of the 

circadian system, which is detected by melanopsin receptors in the retina and transmitted to the 

SCN via the retinohypothalamic tract using glutamatergic signals (Gooley et al., 2001; Güler et 

al., 2007).  The SCN also receives input signals from other regions of the brain such as the limbic 

system, Intergeniculate Leaflet (IGL), paraventricular nucleus (PVN) and raphe nucleus (Moga & 

Moore, 1997).  These inputs utilize various neurotransmitters and neuropeptides that provide 

feedback information from the body to modulate the SCN.  Changes in SCN function 

subsequently alter rhythms of behavior and other biological processes. 

Recently, it has become clear that most cells outside of the SCN also display oscillations in 

clock gene expression; however, unlike the SCN, the generation and synchronization of these 

rhythms are dependent upon periodic signals from the SCN (Ko & Takahashi, 2006).  SCN 

lesions result in the disruption of robust rhythms in clock gene expression in many tissues, but a 

recent study suggests that low amplitude rhythms continue (Tahara et al. 2012).  Also, studies 

utilizing transgenic rodent models in which the Per1 gene promoter or Per2 gene are linked to a 

luciferase reporter (Yamazaki et al., 2000; Abe et al., 2002; Yoo et al., 2004) demonstrate that 

cultured extra-SCN and peripheral tissues display oscillations in Per1 or PER2 driven 

bioluminescence, but these oscillations quickly dampen as synchrony among cells is lost.  

Rhythms can be restored by external cues such as media changes or treatment with the cAMP 

agonist forskolin.  The SCN on the other hand, when placed in culture sustain molecular 
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oscillations indefinitely without requiring any external cues, mediated by the circuitry among 

neurons as well as through the release of the neuropeptide Vasoactive Intestinal Peptide (VIP; 

(Vosko et al., 2007).  The ability for sustained oscillations of isolated SCN cultures suggests a 

hierarchal order in the control of rhythms with the SCN being the master pacemaker.   

 In addition to molecular and cellular oscillations, rhythms in behavior and physiology are 

also driven by the SCN.  Behaviors such as activity and feeding, and physiological processes such 

HR and body temperature, all display day/night differences that are lost when the SCN is lesioned 

(Abe et al., 1979; Warren et al., 1994).  Disruption of the molecular clock in mice also leads to 

the loss of circadian rhythms of behavior and physiology (Bae et al., 2001).  The role of the 

circadian system is to temporally compartmentalize biological processes in the body and drive 

rhythms in behavior, physiology and cellular processes with appropriate phase relationships with 

each other (Dibner et al., 2010).  Furthermore, daily organization allows for anticipation of 

incoming stimuli.  The organization and anticipation allows for optimization of biochemical 

reactions in the body and prevent or minimize radical production and cell damage.  Therefore, one 

can easily imagine that the lack of temporal regulation could cause cellular dysfunction that could 

lead to disease and death (Takahashi et al., 2008; Colwell, 2011).  

 

Circadian regulation of cardiovascular function 

Mammals exhibit robust circadian rhythms in cardiovascular function that enables the daily 

anticipation of physical activity and physiological demands of the organism.  Cardiovascular 

parameters such as heart rate (HR), heart rate variability (HRV), ejection fraction and blood 

pressure (BP) are elevated during periods of wake and depressed during sleep (Hu et al., 2004).    

These cardiovascular rhythms are dependent upon an intact SCN, whereby SCN lesioned 
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animals fail to display rhythms in HR (Warren et al., 1994; Sano et al., 1995; Scheer et al., 

2001).  

At a molecular and cellular level, studies using various methods have shown that cardiac 

cells, tissue and explants exhibit rhythmic expression of clock genes (Oishi et al., 1998; 

Sakamoto & Ishida, 2000; Guo et al., 2005; Davidson et al., 2005; Durgan et al., 2005) 

consistent with the idea that cardiovascular tissue contains circadian oscillators that are 

independent from the SCN.  These oscillations in clock genes are thought to integrate SCN and 

metabolic input to drive heart specific rhythmic outputs (Bray & Young, 2008; Wu et al., 2011).  

Micro-array studies have found that hundreds of genes (~10-15% of total genome) oscillate in 

the heart ((Storch et al., 2002; Martino et al., 2004; Rudic et al., 2005).  These rhythmic genes 

code for proteins such as ion channels, neurotransmitter receptors, and proteins involved in 

calcium flux, which are likely to have substantial effects on cardiac function.  For example, the 

potassium channels Kv1.5 and 4.2 exhibit oscillations in expression as well as in current that 

could influence the flow of ions regulating heart rate and function (Yamashita et al., 2003; 

Jeyaraj et al., 2012).  The rhythmic gene expression in the heart may well explain why the 

response to a variety of environmental stimuli varies depending on the time of day (Young, 

2006).  Disruptions of the molecular feedback loop lead to altered protein expression, blood 

pressure as well as an increased risk of cardiac hypertrophy (Ikeda et al., 2007; Sei et al., 2008; 

Vukolic et al., 2010; Wang et al., 2010). 

Recent studies suggest that the regulation of cardiac rhythms is dependent on both the 

intrinsic molecular clock in the heart as well as by exogenous factors.  Ex vivo heart preparations 

that examine contractile function of the heart without influence from the autonomic nervous 

system or circulating factors, suggest that the function of some cardiac parameters, such as 
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cardiac power, and cardiac efficiency, oscillate dependent on the time of day, while other 

parameters do not show rhythms (Bray et al., 2008).  The disruption of the molecular clock in the 

cardiomyocytes eliminates these oscillations in function.  Studies using mice with cardiomyocyte 

specific clock mutation (CCM), which disrupts the molecular feedback loop only in the heart, 

further identifies the role of the molecular clock in heart (Bray et al., 2008).  In CCM mice, 

blood pressure, cage activity levels and cage activity rhythms are not different compared to WT 

controls.  While day/night differences in HR persist, the amplitude of the rhythm is significantly 

dampened, and 24hr average HR is significantly reduced suggesting that the clock may be 

involved in the regulation of HR.  Furthermore, CCM mice displayed a reduced capacity for 

exercise (Ko et al., 2011).  When presented with a running wheel, CCM mice ran less, had a 

similar number of bouts but with shortened bout length.  Measurement of cell signaling 

molecules in the heart of WT mice provided wheel access showed daily fluctuations in 

phosphorylation states (ERK, AKT, GSK, p38, Voltage gated Calcium channels), while CCM 

mice displayed rhythms only in p38 phosphorylation.  These studies demonstrate that the 

molecular clock regulates heart function including HR, and is required to accommodate 

increased cardiovascular demand during exercise.  Furthermore, subsets of molecules are under 

direct control of the molecular clock within cardiomyocytes, while other signaling molecules 

respond to the rhythmic exogenous cues that remain intact in CCM animals. (Wu and Bray 

durgan fatty acid).  Overall, both intrinsic and exogenous factors are required for daily 

fluctuations, baseline and adaptive cardiovascular function. 

The pathways by which the SCN is coupled to these physiological and molecular oscillations 

in the heart are not yet known.  Humoral mechanisms such as glucocorticoid signaling are 

implicated in resetting phase of clock genes in peripheral tissues, including the heart (Balsalobre 
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et al., 2000).  However, transplantation of SCN tissue into an SCN-lesioned hamster rescued 

rhythms in wheel running activity without rescuing rhythms in HR or gene expression (Guo et 

al., 2006)).  Similarly, a parabiosis set up that allows blood exchange between a control and 

SCN-lesioned animal, resulted in the rescue of gene expression in a number of peripheral tissues 

such as the liver and kidney, but failed to rescue rhythms in the heart (Guo et al., 2005).  These 

results suggest that the interaction between the SCN and heart is primarily through a neuronal 

mechanism rather than paracrine/humoral regulation.  This idea was further supported by 

retrograde pseudorabies virus tracing, where injections of the virus into the right atrium labeled a 

multi-synaptic pathway to the SCN via the spinal cord and paraventricular nucleus (PVN) of the 

hypothalamus (Scheer et al., 2001).  This same neural pathway is broadly implicated in the 

circadian regulation of the autonomic nervous system (ANS; Teclemariam-Mesbah et al., 1999; 

Larsen, 1999; Buijs et al., 2003).   

The ANS regulates cardiac function through the balance of the sympathetic pathway 

releasing norepinephrine/epinephrine (NE/E) and the parasympathetic release of acetylcholine 

(ACh).  There is evidence implicating the ANS in the rhythmic regulation of HR but whether 

clock gene expression is also altered has yet to be determined.  For example, the 

pharmacological blockade of peripheral NE in rats resulted in the dampening of circadian 

rhythms in HR (Warren et al., 1994).  However, a recent study found that oscillations of clock 

genes were preserved in the hearts of dopamine beta-hydroxylase knockout mice that cannot 

synthesize either NE or E (Reilly et al., 2008).  In culture, isoproterenol application boosts 

rhythms in Per2:LUC driven bioluminescence rhythms, but whether there is an effect on phase is 

unknown (Durgan et al., 2005).  The role of ACh and the parasympathetic branch in regulation 

of rhythms in heart rate or gene expression in the heart has not been studied in rodents.  In 
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humans, there is indirect evidence that a daily rhythm in vagal cardiac tone is responsible for the 

rhythm in HR (Scheer et al., 2004).  The ANS also secretes neuropeptides, such as VIP and 

PACAP, onto the heart but the role of these peptides in the regulation of HR and gene expression 

are still unclear, but could potentially be factors relaying information from the SCN (Beaulieu & 

Lambert, 1998).  It appears that a number of mechanisms are in place that regulates rhythms in 

peripheral tissues including the heart.  

 

Vasoactive Intestinal Peptide critical for SCN function and potential mediator of circadian 

information to the periphery 

VIP is expressed in a subset of SCN neurons called the ventro-lateral neurons.  These 

neurons receive photic input and relay information to other parts of the SCN effectively 

synchronizing the rhythms among individual SCN neurons (Vosko et al., 2007).  The loss of VIP 

leads to reduced amplitude of population rhythms in clock gene expression (Loh et al., 2011) as 

well as firing rate rhythms (Brown et al., 2007) in the SCN.  CCD camera imaging of VIP-/-; 

Per2:luc mice or MUA recording of VIP-/- mice identified that the reduced rhythms were due in 

part by reduced number of oscillating neurons but mostly there was a loss of population 

coherence and synchrony; thereby implicating VIP as a coupling agent (Aton et al., 2005).  

Behaviorally, the loss of VIP results in the disruption of circadian rhythms in wheel running 

activity (Colwell et al., 2003), as well as abnormal entrainment of metabolic rhythms (Bechtold 

et al., 2008).  These findings demonstrate the importance of VIP in the regulation of rhythms.  

VIP is also expressed in SCN efferents projecting onto pre-autonomic neurons of the 

PVN (Teclemariam-Mesbah et al., 1997) and is likely involved in the circadian regulation of 

autonomic processes such as HR (Kalsbeek et al., 2006).  VIP is also expressed in the 
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parasympathetic postganglion neurons that innervate the heart (Halimi et al., 1997), suggesting 

that VIP may play a role in coupling the circadian system to the cardiovascular system, by 

regulating rhythms of autonomic function (as suggested by Kalsbeek et al., 2006) or direct 

actions on the heart that couple independent cellular circadian oscillators (similar to its function 

in the SCN). Thus, VIP is a likely candidate to be involved in the circadian regulation of 

cardiovascular function.  

 

Circadian Disruption and cardiovascular disease 

According to the American Heart Association, cardiovascular disease (CVD) is the leading 

cause of death in the United States, surpassing other illnesses such as cancer, diabetes and 

respiratory diseases (AHA Statistical Fact Sheet 2007).  The onset of cardiovascular events such 

as myocardial ischemia, infarctions, and arrhythmias cluster around the morning period 

suggesting influence by the circadian system (Muller et al., 1985, 1989).  Furthermore, the time 

of day at which cardiac injury occurs determines the extent of damage as well as patient 

prognosis.  Disruptions of the circadian system such as shiftwork, is associated with increased 

incidence of cardiovascular disease and mortality (Knutsson et al., 1986; Tüchsen, 1993).  

Patients with neurodegenerative diseases including Parkinson’s disease and Huntington’s disease 

exhibit abnormal cardiac function including the loss in the daily rhythm in cardiac output (e.g. 

Andrich et al., 2002; Kobal et al., 2004; Hawkes et al., 2007; Bär et al., 2008).  This loss of 

rhythmicity is speculated to contribute to increased incidence of cardiovascular disease in these 

patient populations.   

Work using animal models supports the view that circadian rhythmicity may be a critical 

aspect of cardiovascular health.  Circadian perturbations have been shown to exacerbate heart 
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disease and decrease survival in cardiomyopathic hamsters (Penev et al., 1998).  Mice placed in 

normal 12:12 LD conditions that have undergone aortic banding, a model inducing cardiac 

hypertrophy and increased peripheral pressure, undergo normal remodeling of the heart (Martino 

et al., 2007).  In contrast, mice placed in 10:10LD conditions do not show signs of a remodeled 

heart and therefore the hearts are unable to compensate for the increased peripheral pressure, 

which decreases cardiac output.  This cardiac remodeling is rescued when mice are returned to 

the normal 12:12LD condition.  Another study, reported that heterozygous tau mutant hamsters 

(tau/+), that have a circadian period of approximately 22 hours, kept in a 14:10 LD cycle showed 

extensive cardiac pathology including hypertrophy and fibrosis (Martino et al., 2008).  When 

tau/+ mice were housed in a 12:10 LD cycle, a period consistent with their endogenous clock, 

assessment of cardiac tissue showed no cardiac pathology.  These studies suggest that the 

interactions between circadian rhythms and cardiovascular function can impact cardiovascular 

disease progression and raise the possibility that disrupted circadian rhythms can cause cardiac 

dysfunction.  Indeed, in many models of cardiovascular disease, alterations in circadian clocks 

have been demonstrated (Durgan & Young, 2010). 

 Dysynchrony appears to be the mechanism by which circadian dysfunction leads to 

cardiovascular disease.   In healthy individuals, shear stress, or the force placed upon the lining 

of the blood vessels, brought on by activity and exercise during the active phase leads to 

physiological hypertrophy of the heart, which is a beneficial adaptive response of the 

cardiovascular system (Iemitsu et al., 2001).  However, shear stress at inappropriate times in the 

sleep phase, as is the case in individuals with non-dipping hypertension or shift work, tends to 

lead to pathological hypertrophy, which is a compensatory adaptation of the cardiovascular 

system to increased work load that often leads to heart failure (Iemitsu et al., 2001; Durgan & 
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Young, 2010).  It is hypothesized that the circadian system prepares the cardiovascular system to 

anticipate increased shear stress during the active phase.  During the rest phase, the 

cardiovascular system may fail to provide the necessary components to appropriately respond to 

increased demand, which leads to pathological progression.  In this example, dysfunction is 

caused by mismatches between the demand on the system and the ability of the system to 

respond.  This appears to be the case during reentrainment to a new light/dark cycle, such as long 

distance travel, whereby the molecular clock within the heart and blood vessels take many more 

days to shift to a new LD cycle compared to blood pressure rhythms that take 1-2 days to adjust 

(Davidson et al., 2008; Scheer et al., 2009; Castillo et al., 2011).   The differences in the rate of 

reentrainment in the cells of the heart, endothelial cells and the rest of the cardiovascular system 

implies a mismatch or dysynchrony and could explain the increased incidence of cardiovascular 

disease observed in individuals that experience frequent jetlag or shiftwork.  Another level of 

dysynchrony may be a result of mismatches in metabolism.  Cardiovascular function is closely 

tied to metabolic processes in order to meet energy demands (Goodwin et al., 1998; Neubauer, 

2007).  Imbalances in energy metabolism have negative consequences on cardiac function that 

could lead to disease (Neubauer, 2007).  Recent research is demonstrating interactions of 

circadian and metabolic pathways (Young, 2006).  For example, cardiac metabolic gene 

transcription, nonoxidative fatty acid and glucose metabolism display rhythms that are intrinsic 

in nature and driven by the molecular clock (Young et al., 2001; Bray & Young, 2008).  There 

are also feedback loops between circadian and metabolic genes indicating that they may regulate 

each other.  CLOCK acetylates BMAL1 protein, which then induces SIRT1 deacetylase activity 

(Grimaldi et al., 2009).  SIRT1 has multiple targets and is involved in the regulation of oxidative 

metabolism, oxidative stress response as well as insulin signaling.  SIRT1 also feeds back to the 
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molecular clock by deacetylating and altering BMAL1 function.  This loop demonstrates the 

temporal regulation of SIRT1 activity that modulate rhythms in metabolic processes.  Therefore, 

disruptions of the circadian system could tilt the supply and demand balance of metabolic 

reactions causing impaired cardiovascular function and lead to cardiovascular disease.   

 

Circadian disruption and cardiovascular dysfunction in Huntington’s Disease 

Huntington’s Disease is a progressive neurodegenerative disease characterized by 

movement abnormalities, emotional disturbances and cognitive impairment(Margolis & Ross, 

2003).  The disease is a result of an expansion of the CAG repeat in the huntingtin gene that 

when translated produces an elongated polyQ tract that promotes the aggregation of huntingtin 

protein and accumulation of nuclear inclusions that cause cellular dysfunction and cell death.  

While neuronal loss appears to be concentrated in the striatum, the huntingtin protein and 

aggregates are also expressed in most cells of the body. 

In addition to the movement disorder associated with Huntington’s Disease, patients also 

suffer from sleep disturbances that impair their quality of life (Chokroverty, 1996; Morton et al., 

2005; Hurelbrink et al., 2005; Wulff et al., 2010).  HD patients experience sleep disturbances at 

night as well as an elongated sleep latency.  This sleep behavior correlates with the delayed onset 

of diurnal melatonin observed in HD patients (Aziz et al., 2009).  These set of symptoms suggest 

possible circadian dysfunction, but it is unknown whether the disruption is within the SCN or 

due to the disruption of signals to peripheral outputs.  In addition to the movement and sleep 

disorders, most HD patients develop cardiovascular disease that often leads to death; in fact 

cardiovascular disease is the second leading cause of death in this patient group(Chiu & 

Alexander, 1982; Lanska et al., 1988).  Possible mechanisms causing cardiovascular disease may 
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be through the dysregulation of the autonomic nervous system and possible local metabolic 

dysfunction in cardiomyocytes (Sharma et al., 1999; Andrich et al., 2002; Kobal et al., 2004, 

2010; Bär et al., 2008; Aziz et al., 2010b).  While cellular dysfunction as a result of huntingtin 

protein may be the main culprit in disease progression, it is plausible that the concurrent 

disruption of the circadian system may be contributing to the development of symptoms and 

disease associated with HD including cardiovascular dysfunction.  

In order to further study the mechanism of the dysfunction, mouse models of 

Huntington’s Disease have been created.  The R6/2 line is a well-studied model that recapitulates 

many of the human symptoms, including the disruptions in rest/activity cycles (Morton et al., 

2005).   In support of circadian dysfunction as part of the disease etiology of HD, rhythms of 

clock genes within the SCN were disrupted.   Furthermore, VIP and VIP receptor (VIPR2) 

expression in the biological clock of R6/2 mice are decreased (Fahrenkrug et al., 2007) 

suggesting a mechanism for circadian disruption and dysregulation in rhythms of peripheral 

outputs including cardiovascular function.  The R6/2 mice develop cardiac failure by 12 weeks 

of age and display mitochondrial alteration in cardiomyocytes indicating metabolic stress (Mihm 

et al., 2007).  The lifespan of these mice are approximately 3-4 months long, which is 

particularly aggressive when compared to the human disease progression.  The fragile state of 

these mice makes long-term circadian investigations more difficult to pursue.   

The BACHD mouse is another HD model of interest: a transgenic that expresses the 

expanded form of the human huntingtin gene (Gray et al., 2008).  Initial studies of the mouse 

model suggest parallels with the human disease such as huntingtin protein accumulations in the 

brain and classical progressive motor deficits.  The longer life spans of these mice enables long-

term studies of cardiovascular function to explore the extent of the circadian phenotype as well 
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as determine whether BACHD mice phenocopy the autonomic dysfunction and cardiovascular 

disease described in humans.  

   

Entrainment of the Circadian System: Exercise as a Zeitgeber 

Uncovering the mechanisms by which disruption of the circadian system contributes to 

disease progression is an important direction of study, just as it is important to develop methods 

to help improve or prevent disease progression.  As mentioned above, disruptions of the 

circadian system and mismatches of the endogenous cycle with environmental cues of light and 

dark have been linked to increased incidence of disease.  While disrupted rhythms may make 

cardiovascular disease worse, there are some indications that stabilizing rhythms may decrease 

risk for cardiovascular disease and improve recovery from injury.  For example, patients in 

strong temporally structured environments have better prognosis for recovery from 

cardiovascular events (Guo & Stein, 2003).   

Although light is the primary driver of the circadian system, under certain conditions 

such as aging and disease, light may not be sufficient to drive normal diurnal behaviors thereby 

affecting the quality of life in these individuals.  There are other environmental cues in addition 

to light that have been shown to modulate the circadian system.  Changes in metabolism appear 

to be a potent entrainer of rhythms.  Scheduled feeding for example can drive feeding and 

activity behavior as well as alter molecular rhythms in several peripheral tissues (Hara et al., 

2001; Sheward et al., 2007).  This manipulation does not seem to shift rhythms in the SCN, 

except under conditions in which the SCN is in an already dysfunctional state, such as constant 

light (Nováková et al., n.d.).  Alternatively, on the demand side of metabolic processes, 

increased activity or exercise when timed at appropriate times of day may provide metabolic 
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cues to peripheral tissues and SCN, which could potentially drive rhythms of the circadian 

system.  Timing of these metabolic events can be utilized to help realign and strengthen the 

relationship and interactions between the endogenous clock and the external environment, which 

could potentially deter or slow down disease progression attributed to circadian dysfunction. 

There is evidence that stimulated activity and exercise in rodents and humans, 

respectively, alter the circadian system.  In humans, exercise can shift the phase of the circadian 

clock depending on the time of exercise (Buxton et al., 2003; Baehr et al., 2003; Yamanaka et 

al., 2006; Atkinson et al., 2007).  Although single bouts of exercise result in small shifts, 

multiple daily bouts may have additive effects (Barger et al., 2004).  In mice, stimulated activity 

or arousal cause greater shifts in the phase of the circadian system where some shifts are as large 

as those induced by light, suggesting that exercise maybe a powerful tool to alter rhythms(Reebs 

& Mrosovsky, 1989; Mrosovsky, 1996).  The presence of the wheel can also alter the rate of 

reentrainment to an inversed LD cycle (Mrosovsky & Salmon, 1987; Dallmann & Mrosovsky, 

2006; Castillo et al., 2011).  Wheel access provided in phase to the new LD cycle speeds up 

reentrainment while wheel access provided out of phase to the new LD cycle delays 

reentrainment.  Lastly, stimulated activity has been shown to alter the SCN.  Arousal at certain 

times of the day phase advances the molecular clock and firing rate of SCN neurons (Maywood 

et al., 1999; Yannielli et al., 2002).  Measurements of both in vivo SCN firing rate and activity in 

the same animal suggest a direct relationship between the two factors, whereby activity leads to 

immediate decreases in firing rate activity in the SCN(Schaap & Meijer, 2001; Houben et al., 

2009).  The ability of stimulated activity to influence the circadian clock makes it a potential tool 

to structure environmental input to the circadian system and stabilize rhythms.  
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Summary 

 In my studies, I examined various aspects of the circadian control of activity, 

cardiovascular and gene expression rhythms.  In the BACHD disease model of HD that displays 

disruptions in their activity rhythms, we found that diurnal and circadian rhythms of 

physiological outputs such as body temperature and HR were also altered.  Furthermore, Heart 

Rate Variability and baroreceptor function measurements indicated that the activity and rhythms 

of the ANS are disrupted, which could be a possible mechanism that alters HR as well as lead to 

the development of cardiovascular disease in the patient group.  Because VIP is critical for 

normal circadian rhythms in activity and the R6/2 HD model display decreased expression of 

VIP and VIPR2 in the SCN (Fahrenkrug et al., 2007), I also explored the circadian phenotype of 

the cardiovascular system in VIP-deficient mice.  VIP-deficient mice display significant 

disruptions in HR and body temperature rhythms under both LD and DD conditions, indicating 

the importance of this neuropeptide in the regulation of physiological rhythms that include HR.  

Lastly, using scheduled exercise, I was able to alter and reorganize rhythms of behavior, 

physiology and gene expression in WT mice.   When applied to VIP-deficient mice, the temporal 

structuring of exercise rescued several circadian parameters, suggesting that exercise may be 

used as a tool to improve and maybe even rescue a disrupted circadian system.   
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CHAPTER 2 

i. Introduction 

 

 The published paper entitled “Dysfunctions in circadian behavior and physiology in 

mouse models of Huntington’s disease” by Kudo et al. 2011, contains my work examining daily 

and circadian rhythms of heart rate, heart rate variability, body temperature as well as ECG 

parameters in BACHD mice.  All these circadian regulated outputs were disrupted in BACHD 

mice.  Heart rate variability measurements indicated that BACHD mice had a dysfunctional 

autonomic nervous system.   

 The published paper entitled “Baroreceptor reflex dysfunction in the BACHD mouse 

model of Huntington’s disease” by Schroeder et al. 2011, contains results from follow-up 

examination of the cardiovascular phenotype in BACHD mice.  Measurement of BP in mildly 

anesthetized BACHD mice during the light phase suggests these mice have significantly 

increased blood pressure.  The baroreceptor responses to pressor and vasoactive drugs were 

blunted in BACHD mice.  We also detected increased heart weight/tibia length ratios in BACHD 

mice suggesting cardiac remodeling however, echocardiography found no significant differences 

in heart function in BACHD mice. 
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ii. Dysfunctions in Circadian Behavior and Physiology in Mouse Models of Huntington’s 

Disease. 

Abstract 

Many patients with Huntington's disease (HD) exhibit disturbances in their daily cycle of 

sleep and wake as part of their symptoms.  These patients have difficulty sleeping at night and 

staying awake during the day, which has a profound impact on the quality of life of the patients 

and their care-givers.  In the present study, we examined diurnal and circadian rhythms of four 

models of HD including the BACHD, CAG 140 knock-in and R6/2 CAG 140 and R6/2 CAG 

250 lines of mice.  The BACHD and both R6/2 lines showed profound circadian phenotypes as 

measured by wheel-running activity.  Focusing on the BACHD line for further analysis, the 

amplitude of the rhythms in the BACHD mice declined progressively with age. In addition, the 

circadian regulation of heart rate and body temperature in freely behaving BACHD mice were 

also disrupted.  Furthermore, the distribution of sleep as well as the autonomic regulation of 

heart rate was disrupted in this HD model.  To better understand the mechanistic underpinnings 

of the circadian disruption, we used electrophysiological tools to record from neurons within the 

central clock in the suprachiasmatic nucleus (SCN).  The BACHD mice exhibit reduced rhythms 

in spontaneous electrical activity in SCN neurons. Interestingly, the expression of the clock gene 

PERIOD2 was not altered in the SCN of the BACHD line.  Together, this data is consistent with 

the hypothesis that the HD mutations interfere with the expression of robust circadian rhythms in 

behavior and physiology.  The data raise the possibility that the electrical activity within the 

central clock itself may be altered in this disease. 
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Introduction 

Many patients with Huntington's disease (HD) exhibit disturbances in their daily cycle of 

sleep and wake as part of their symptoms.  These patients have difficulty sleeping at night and 

staying awake during the day.  This dysfunction in timing may not be causal to their disorder, yet 

these symptoms have a major impact on the quality of life of the patient population and on the 

family members who care for the HD patients.  Previous work has found that a mouse model of 

HD (R6/2 CAG 245) exhibits a progressive breakdown of their circadian rest/ activity cycle that 

mimics the condition of human patients typified by: loss of consolidated sleep, increased wakeful 

activity during the sleep phase, and greater sleep during the active, waking phase (Morton et al., 

2005; Pallier et al., 2007).  This behavioral impairment in the mice is accompanied by disordered 

expression of circadian clock genes in vivo in the master circadian pacemaker in the 

hypothalamus: the suprachiasmatic nucleus (SCN), and in the motor control regions of the brain, 

including the striatum. Importantly, the use of hypnotics or scheduled feeding can improve the 

performance of the R6/2 mice (Pallier et al., 2007; Maywood et al., 2010).  This work raises the 

possibility that targeted interventions to improve daily rhythms in patients may improve clinical  

symptoms of HD.  HD is caused by an expanded CAG repeat in the huntingtin (HTT) protein 

(The Huntington's Disease Collaborative Research Group, 1993).  There are 3 general types of 

mouse models of HD, including transgenic mice expressing the entire human HTT gene with 97 

mixed CAA-CAG repeats (BACHD), as well as models expressing the first exon of the HTT 

gene with varying lengths of the CAG repeats (R6/2).  Finally, there are knock-in mice generated 

by inserting a 140 CAG repeat expansion into the mouse Htt gene (CAG 140 knock-in).  No 

single mouse model can be expected to recapitulate all aspects of the human disease, and we 
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hence felt that it was important to explore possible circadian dysfunction in different mouse 

models of HD. 

In the present study, we first sought to determine whether circadian rhythms in wheel 

running activity are disrupted in four mouse models of HD: BACHD (Gray et al., 2008), CAG 

140 knock-in (Menalled et al., 2009), R6/2 with 140 CAG repeats, and R6/2 with 250 CAG 

repeats (Mangiarini et al., 1996) lines of mice.  These mouse lines were screened by monitoring 

daily rhythms of wheel-running activity.  This simple and automated assay is the method of 

choice for screening mutations that influence the circadian system of mammals.  Due to the 

relatively short lifespan of the two R6/2 lines, we focused on the BACHD line for further long-

term analysis using radiotelemetry in order to examine rhythms in heart rate and body 

temperature from freely behaving mice.  We also specifically evaluated the possibility of 

alterations in autonomic regulation of heart rate in the BACHD model.  Next, we sought to 

determine whether the BACHD mice exhibit reduced rhythms in spontaneous electrical firing in 

the SCN.  Finally, we examined the daily rhythms of clock gene expression in the SCN of the 

BACHD mice.  Together, these experiments examine the impact of the mutations causing HD on 

circadian behavior and provide the beginnings of a mechanistic understanding of how the HD 

mutation alters the physiological properties of the circadian timing system. 

 

Material and methods 

Animals 

  The experimental protocols used in this study were approved by the UCLA Animal 

Research Committee and all recommendations for animal use and welfare, as dictated by the 
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UCLA Division of Laboratory Animals and the guidelines from the National Institutes of Health, 

were followed.  We used four lines of mice in this study: BACHD on the C57BL6/J 

background(Gray et al., 2008), CAG 140 knock-in (KI) originally on a C57BL/6J x 129/Sv 

background, now N2-N3 on the C57BL/6J background (Hickey et al., 2008; Menalled et al., 

2009), and the R6/2 CAG 140 and R6/2 CAG 250 on the C57BL/6J background (Mangiarini et 

al., 1996).  The transgene insertion site for the R6/2 and BACHD lines have not been 

characterized, and potential positional effects cannot currently be ruled out.  The BACHD and 

both R6/2 lines were fully backcrossed into the C57BL/6J strain.  Mutants and littermate wild-

type (WT) controls were obtained from the mouse mutant resource at JAX (The Jackson 

Laboratory, Bar Harbor, Maine) in a colony maintained by the CHDI Foundation.  For each line, 

we studied littermate mutants and WT controls in parallel.  Genotype was determined at 15 days 

of age by PCR of tail snips. For the R6/2 and CAG 140 KI lines, the CAG repeat lengths were 

measured by Laragen (Los Angeles, CA).  The mice were inspected daily for signs of ill health 

and euthanized if necessary.   

 

Behavioral analysis  

Methods employed were similar to those described previously (Colwell et al., 2003, 

2004).  Male mice, at least 1 month (mo) of age, were housed individually and their wheel-

running activity recorded as revolutions (rev) per 3 min interval.  The running wheels and data 

acquisition system were obtained from Mini Mitter Co. (Bend, OR).  The animals were exposed 

to a 12:12 light-dark cycle (LD; light intensity 300 Lux) for two weeks.  For some mice, the LD 

cycle was shifted 6 hrs earlier or 6 hrs later and the number of cycle required for re-
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synchronization measured.  The animals were then placed into constant darkness (DD) to assess 

their free-running activity pattern.  The locomotor activity rhythms of mice were analyzed by 

periodogram analysis combined with the χ2 test with P = 0.05 significance level (El Temps, 

Barcelona, Spain) on the raw data.  The periodogram shows the amplitude (referred to as 

“power”) of periodicities in the time series for all periods of interest (between 20 and 31 h in 3 

min steps).  The power values were normalized to the percentage of variance derived from the 

Qp values of the periodogram (Qp x 100/N; N = total number of data points) according to the 

calculated P = 0.05 significance level.  Slopes of an eye-fitted line through the onsets were also 

used to confirm period estimates made with the periodogram analysis.  The average pattern of 

activity (i.e. the waveform estimate) was also determined at modulo-period for each animal in 

DD for 15 cycles.  Some mice in DD were exposed to a brief light treatment at circadian time 

(CT) 16 with CT 12 defined by the locomotor activity onset.  Following each treatment, the 

animals were allowed to free-run undisturbed in DD for 14 days.  The light stimulus that was 

used to induce phase shifts was an exposure to white light (100 Lux, 10 min).  Phase shifts in the 

activity rhythm were determined by measuring the phase difference between eye-fitted lines 

connecting the onset of activity for a period of 10 days before and 10 days after an experimental 

manipulation.  Measurements were made by investigators “blind” to the experimental group. In 

order to estimate the steady state phase delays produced, one day of data after treatments were 

excluded from the analysis.  Stimulus intensity (Lux) was measured with a light meter (BK 

precision, Yorba Linda, CA).  All handling of animals was carried out either in the light portion 

of the LD cycle or in DD with the aid of night vision goggles (FJW Industries, Palatine, IL). 
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Sleep measurements 

 BACHD mutants and their WT littermates were first entrained to a 12:12 LD cycle for at 

least 2 weeks.  The mice were housed individually in the absence of wheels and recorded using a 

video surveillance camera system (Gadspot, GS-335C, City of Industry, CA).  The sleep state is 

marked by several easily observed behaviors, including adoption of a species-specific sleep 

posture with the eyes closed (Campbell and Tobler, 1984).  We scored a mouse as being asleep 

only when its eyes were closed as it lay on its side, or if it was curled up with its head tucked into 

its body, or if the mouse did not make any movements other than brief transitional changes in 

posture for durations of at least 40 sec.  We and others have previously employed this method to 

determine the basic temporal distribution of behavioral sleep across a 24-h period (Schwartz & 

Smale, 2005; Pack et al., 2007; Loh et al., 2010).  Sleep/wake behavior was scored visually in 5 

min intervals, which were summed and averaged to determine day and night percentages of time 

spent in sleep.  Consolidation was determined by counting the number of consecutive bins of 

sleep that exceeded 20 min in duration.  

 

Telemetry Measurements 

Methods employed were similar to those described previously (Schroeder, et al., 2010). 

WT and BACHD mice (4-5 mo) were surgically implanted with a wireless radio-frequency 

transmitter (ETA-F20, Data Sciences International, St. Paul, MN).  Mice were housed in 

individual cages in the absence of a running wheel.  Cages were placed atop telemetry receivers 

(Data Sciences International) in a light and temperature-controlled chamber.  Standard rodent 

chow was provided ad libitum.  Data collection began 2 weeks post-surgery, to allow mice to 
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recover in the 12:12 LD cycle.  We recorded 20 sec of electrocardiogram (ECG) and measured 

average body temperature and cage activity every 10 min for approximately 15 days.  Similar to 

our collection of wheel-running behavior, we then shifted the mice into DD and continued the 

measurements for another 15-20 days.  Heart rate (HR) is extrapolated from ECG waveforms 

using the RR interval. 

ECG interval measurements (RR, PR, QRS, QT and QTc) were calculated using 

Ponemah Analysis Software (Data Sciences International) at time points zeitgeber time (ZT) 2-4 

and ZT 14-16 (LD conditions).  A 20-sec ECG recording every hr was used to calculate Heart 

Rate Variability (HRV) in the time-domain (standard deviation of all normal R-R intervals, 

SDNN) using analysis software (Data Science International).  Circadian rhythms of HR and body 

temperature were analyzed by periodogram analysis combined with a χ2 test (El Temps software, 

Barcelona, Spain).  The strongest amplitude (or power) of periodicities (within 20 and 31 hr 

limits) was compared between WT and BACHD deficient mice.  The amplitude of the χ2 test 

determines the period of a rhythm and its robustness. 

Whole cell patch-clamp electrophysiology 

 Methods used were similar to those described previously (Itri et al., 2005, 2010). 300 µm 

coronal slices of the mid-SCN were collected by vibratome dissection of brains from mice 

between 2 and 3 months of age.  Slices were placed in a recording chamber (PH-1, Warner 

Instruments, Hamden, CT) attached to the stage of a fixed-stage upright DIC microscope 

(OLYMPUS, Tokyo, Japan).  The slices were superfused continuously (2 ml/min) with artificial 

cerebrospinal fluid (ACSF) aerated with 95 % O2/ 5 % CO2.  The whole cell patch clamp 

recordings from the SCN were taken with recording electrodes.  These micropipettes (typically 
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4–7 MΩ) were pulled from glass capillaries (WPI, Sarasota, FL) on a multistage puller (Sutter P-

97, Novato, CA) and filled with the standard solution.  The standard solution contained (in mM): 

K-gluconate, 112.5; EGTA, 1; Hepes, 10; MgATP, 5; GTP, 1; leupeptin, 0.1; phosphocreatine, 

10; NaCl, 4; KCl, 17.5; CaCl2, 0.5; and MgCl2, 1.  The pH was adjusted to 7.25-7.3 and the 

osmolality was adjusted between 290-300 mOsm.  Recordings were obtained with AXOPATCH 

200B amplifier (Molecular Devices, Sunnyvale, CA) and monitored on-line with pCLAMP (Ver 

9.2, Molecular Devices).  To minimize changes in offset potentials with changing ionic 

conditions, the ground path used a KCl agar bridge.  Each of the cells was determined to be 

within the SCN by directly visualizing the cell’s location with DIC microscopy.  Cells were 

approached with slight positive pressure (2–3 cm H2O).  The pipette was lowered to the vicinity 

of the membrane while maintaining positive pressure.  After forming a high-resistance seal (2–10 

GΩ) by applying negative pressure, a second pulse of negative pressure was used to break the 

membrane.  The access resistance of these cells ranged from 15-35 MΩ in the whole cell 

voltage-clamp configuration while the cell capacitance was typically between 6-18 pF.  Data 

were not collected if access resistance was greater than 40 MΩ or if the value changed 

significantly (>20%) during the course of the experiment. In these studies, we used a 70% 

compensation using positive feedback correction.  The junction potentials between the pipette 

and the extracellular solution were cancelled by the voltage-offset of the amplifier before 

establishing a seal and were not further corrected.  Series and input resistance were monitored 

repeatedly by checking the response to small pulses in a passive potential range.  The standard 

extracellular solution used for all experiments was ACSF.  Drug treatments were performed by 

dissolving pharmacological agents in the ACSF used to bathe the slices during recording. 
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Solution exchanges within the slice were achieved by a rapid gravity feed delivery system.  

Spontaneous firing rates (SFR) were recorded with pCLAMP for 1 min using current-clamp in 

the whole cell patch configuration.  No current was injected during recording. 

 

Immunohistochemistry (IHC)  

The methods employed were similar to those previously described (Wang et al., 2009; 

Dragich et al., 2010).  BACHD and WT littermates of 12 mo of age were used. Mice were 

anaesthetized by Isoflurane (Phoenix Pharmaceutical, Burlingame, CA) and perfused with 

phosphate-buffered saline (PBS, pH 7.4) with heparin (2 units/ml, Henry Schein, Melville, NY) 

followed by 4% (w/v) paraformaldehyde (Sigma-Aldrich) in PBS (pH 7.4).  Brains were 

dissected, post-fixed at 4 °C overnight, and cryoprotected in 20 % sucrose in PBS (pH 7.4).  IHC 

was performed on free-floating 20 µm cryostat (Thermo Fisher Scientific, Waltham, MA) 

coronal brain sections from the middle of the rostral-caudal axis.  Sections were washed for 5 

min with PBS (pH 7.4, three times), and then endogenous peroxidase activity was quenched with 

PBS (3 % H2O2, 10 % Methanol, 10 min).  Sections were then washed again in PBS (three 

times), dipped in 3 % normal goat serum in PBS with 0.1 % Triton X-100 for 1 hr, and then 

incubated with a rabbit anti-PER2 (1:1,000; Alpha Diagnostics, San Antonio, TX) in PBS (3 % 

normal goat serum, 0.1 % Triton X-100) at 4 °C overnight.  Sections were washed in PBS (three 

times), then incubated with biotinylated goat anti-rabbit antibody (1:200) for 2 hr.  Sections were 

washed again for 5 min in PBS (five times) and dipped in AB solution (Vector Laboratories, 

Burlingame, CA) for 45 min, washed again in PBS (three times), then placed in filtered 0.05 % 

3,3’-diaminobenzidine in Tris-buffered saline (TBS) containing a 1:800 dilution of 1.3 % H2O2.  
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After sufficient color reaction (5-6 min), sections were washed with TBS and mounted on slides 

immediately.  Sections were then dried overnight, dehydrated with ascending concentrations of 

ethanol, and cover-slipped.  Images were captured with Axio Vision camera systems (Carl Zeiss, 

Thornwood, NY).  Control experiments in which the primary antibody was not added did not 

exhibit any positive staining.  In addition, blocking experiments, performed by adding the PER2 

peptide (1 mg/ml in PBS, pH 7.4, diluted 1:500) to the primary incubation solution, prevented 

PER2 staining.  In previous work using the same protocol, we could not detect any positive 

staining in PER2 KO mouse (Wang et al., 2009). 

 

Statistical measurements  

The data sets were analyzed by a two-way analysis of variance (ANOVA) or a one-way 

ANOVA.  If significant group differences were detected (P < 0.05) by the ANOVA, then the 

post hoc analysis was applied. If the data passed an equal variance test, Tukey’s method was 

applied and if the data failed an equal variance test, Holm-Sidak method was applied.  For all 

tests, values were considered significantly different if P < 0.05. All tests were performed using 

SigmaStat (version 3.5, SYSTAT Software, San Jose, CA).  Values were shown as mean ± 

standard error of the mean (S.E.M.). 
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Figure 2-1: Circadian dysfunction is a common feature of mouse models of HD. Mice were placed 
individually in cages with running wheels, and locomotor activity was recorded under different lighting 
conditions. Each horizontal row represents an activity record for a 24-hr day. Successive days are plotted 
from top to bottom. The grey shading represents darkness. Mice were initially held in LD (12:12) and 
then released into DD. Panels show examples of the wheel-running activity recorded from WT (A), 
BACHD (B), R6/2 CAG 250 (C), R6/2 CAG 140 (D), and CAG 140 (E). The mice were all 2-3 mo of age. 
See Table 2-1 for detailed analysis. 

 

Results 

Diurnal and circadian rhythms of wheel running behavior are disrupted in R6/2 and BACHD 

mouse models of HD. 

We used wheel-running activity to determine the impact of the insertion of the different 

Htt/HTT mutations on diurnal and circadian rhythms of behavior (Fig. 2-1).  In these studies, we 

compared locomotor activity rhythms in WT mice to locomotor activity measured in littermate 
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BACHD (n = 8), R6/2 CAG 250 (n = 5), R6/2 CAG 140 (n = 7), and CAG 140 KI (n = 8) lines 

of mice at 2 to 3 mo of age.  As has been previously described (Morton et al., 2005), under both 

LD and DD conditions, the majority of mice from the R6/2 lines were arrhythmic (Table 2-1).  

Due to mortality, we were not able to study the R6/2 lines past this time point. In contrast to the 

results obtained with the R6/2 lines, the CAG 140 KI remained robustly rhythmic at this age (~3 

mo).  In fact, this line showed no significant deficits in the key circadian parameters of period or 

amplitude even when we extended our analysis up to 12 mo of age (data not shown).  The 

BACHD mice (8 out of 8) exhibited low amplitude, fragmented rhythms in wheel running 

behavior with a long free-running period (Table 2-1).  In addition, most of the BACHD mice 

exhibited a bimodal activity pattern (75%).  These circadian deficits were seen throughout the 

first year of life of these mice (Fig. 2-2).  The amplitude of the rhythms in both LD and DD 

progressively declined over the life of the mice (Table 2-2).  For example, analysis of activity in 

DD by two-way ANOVA for age and genotype revealed a significant effect of both age (F3,40 = 

3.48, P = 0.02) and genotype (F1,40 = 43.38, P < 0.001) with a post hoc Tukey’s test indicating a 

significant effect of the BACHD mutation in all age groups.  Together, our behavioral analysis 

demonstrates that by three mo of age (young adult), three mouse models of HD (BACHD, R6/2 

CAG 250, & R6/2 CAG 140) exhibit disrupted daily and circadian rhythms in wheel-running 

activity. 
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Figure 2-2: BACHD mice show an age-related decline in activity levels. Panels show examples of wheel-
running activity measured from WT (left panels) and littermate BACHD (middle panels) measured at ~3, 
6, 9, and 12 mo of age. The average waveform of activity for each genotype (black line =WT; grey line = 
BACHD) as measured over 10-days in LD is also shown (right panels). Activity and power showed 
progressive declines under both LD and DD conditions. See Table 2-2 for detailed analysis. 

 

The light-response of the circadian system is altered in BACHD mice  

As nocturnal animals, WT mice restrict most of their wheel running activity to the night 

(93% of total activity).  In contrast, the BACHD mice exhibited a significant amount of wheel 

running activity in the light (24%; t14 = -3.54, P < 0.001).  One possible explanation is that the 
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BACHD line may have deficits in the light-response of the circadian system and we carried out 

two additional experiments to test this possibility.  First, we examined the ability of the BACHD 

mice to re-synchronize to 6 hr shifts in the LD cycle (Fig. 2-3A).  We found that the BACHD 

mice took longer to resynchronize to both the 6 hr delay (t13 = -2.25, P < 0.05) and advance (t13 = 

-3.11, P < 0.01) in the LD cycle than their WT littermates.  In addition, to directly assess the 

effects of light on the circadian system, the phase shifts induced by single, discrete light 

treatments were examined (Fig. 2-3B).  Whereas WT littermates exposed to white light at CT 16 

(100 lux, 10 min duration) showed a 113 ± 5 min (n = 8) phase delay, the BACHD mice had a 

55% reduction in magnitude of phase delay after the same light treatment (51 ± 10 min, n = 8; t15 

= 5.53, P < 0.01).  Therefore, the circadian system of the BACHD mice shows a reduced 

sensitivity to the phase-shifting effect of light. 

 

Genotype  WT  BACHD R6/2 250 R6/2 140 CAG140 KI 
LD 
Arrhythmic (%)  0%  0%  50%  75%  0% 
Power (% variation) 59.5 ± 2.7 34.5 ± 3.7** na  na  52.9 ± 4.6 
Activity (rev/h)  981 ± 70 628 ± 99** 104 ± 39** 195 ± 125* 835 ± 99 
DD 
Arrhythmic (%)  0%  0%  50%  75%  0% 
Tau (hrs)  23.69 ± 0.05 24.07 ± 0.04* na  na  23.82 ± 0.04 
Power (% variation) 50.8 ± 5.5 31.0 ± 4.3** na  na  54.6 ± 4.3 
Activity (rev/h)  1050 ± 34 543 ± 121** 98 ± 50** 195 ± 98* 711 ± 144 
 
 
Table 2-1: Key circadian parameters in 4 mouse models of HD. Rhythms in wheel-running 
activity of young male mice were examined using periodogram analysis (2-3 mo of age; n = 4-8 
per genotype). Results from littermate WT and mutant mice were compared with a Student’s t- 
Test with *= P < 0.05 and **= P < 0.01. In the R6/2 lines, the number of rhythmic animals was too low 
toaccurately describe the circadian parameters. These parameters are labeled as not available (na). 
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Genotype          WT     BACHD 
LD 

Power (% variation)  
3 mo   59.5 ± 2.7  34.5 ± 3.7*  
6 mo   55.1 ± 3.3  42.4 ± 2.9* 
9 mo   54.3 ± 3.3  32.9 ± 3.6*  
12 mo   55.0 ± 2.0  32.8 ± 3.5* 

 
Activity (rev/h)  

3 mo   981 ± 70   628 ± 99*  
6 mo   713 ± 73   297 ± 52*#  
9 mo   760 ± 127  277 ± 47*#  
12 mo   734 ± 118  233 ± 58*# 

 
DD 

Tau (hrs)  
3 mo   23.69 ± 0.05  24.07 ± 0.04*  
6 mo   23.61 ± 0.12  24.05 ± 0.04* 
9 mo   23.54 ± 0.08  24.12 ± 0.06*  
12 mo   23.69 ± 0.06  23.96 ± 0.02* 

 
Power (% variation)  

3 mo   50.8 ± 5.5  31.0 ± 4.3*  
6 mo   51.2 ± 4.8  34.7 ± 2.9*  
9 mo   45.8 ± 3.8  31.2 ± 2.1*  
12 mo   45.1 ± 2.4  27.5 ± 2.3* 

 
Activity (rev/hr)  

3 mo   1050 ± 34  543 ± 121*  
6 mo   872 ± 149  265 ± 50*  
9 mo   749 ± 165  229 ± 49*  
12 mo   762 ± 98   190 ± 19*# 

 
Fragmentation (bouts/day)  

3 mo   4.4 ± 0.4   7.4 ± 0.8* 
6 mo   4.5 ± 0.9   7.3 ± 0.8*  
9 mo   5.1 ± 0.6   7.2 ± 0.8*  
12 mo   5.0 ± 0.2   8.1 ± 0.4* 

 
Bimodal (%)  

3 mo   0%   37.5%  
6 mo   0%   62.5%  
9 mo   0%   66.7%  
12 mo   0%   50% 
 
 

Table 2-2: Age-related decline in amplitude of wheel-running activity rhythms in BACHD mice. Rhythms 
in wheel-running activity in male mice (n = 4–8 per age-group) were examined using periodogram 
analysis. Comparisons between age and genotype were made between littermate WT and mutant mice 
with a 2-way ANOVA followed by Tukey's post hoc analysis with * indicating a significant difference at 
P < 0.05 between genotypes within age and # indicating P < 0.05 between ages within genotype. 
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The distribution of behavioral sleep is disrupted in BACHD mice. 

To examine the sleep/wake temporal distribution, we measured behavioral sleep in young 

adult (3 mo) and middle aged (12 mo) BACHD mutants and their WT littermates (Table 2-3).  

Both mutants and WT mice showed significantly more daytime sleep at 12 mo than at 3 mo (two 

way ANOVA F1,29 = 18.44, P < 0.001), and the post-hoc Tukey’s t-test revealed that the 

BACHD mutants had significantly less daytime sleep than WT at 3 mo of age (t20 = 2.07, P = 

0.049).  Nighttime sleep was significantly greater in 12 mo old WT mice than their younger 

counterparts (t14 = 4.43, P < 0.001), but this age-related effect was not observed in the BACHD 

mutants (t12 = 0.14, P = 0.89).  A higher resolution analysis of sleep distribution of the 3 mo old 

BACHD mutants pinpointed the early hours of the day as the time during which they displayed 

markedly less sleep than the WT littermates (Supp. Fig. 2-1; two way repeated measures 

ANOVA F7,20 = 2.82, P = 0.009).  Post-hoc analysis by Tukey’s t-tests revealed that the BACHD 

mutants spent significantly less time in sleep during the hours of ZT 0 to ZT 3 (t20 = 2.99, P = 

0.003) as well as between ZT 3 and ZT 6 (t20 = 2.36, P = 0.02).  Therefore, the BACHD mice 

exhibited significantly reduced sleep during the early day. 

 

Genotype        WT      BACHD 
     Sleep in day (%) 
 3 mo  66.67 ± 1.53  61.98 ± 1.68* 

12 mo  74.48 ± 2.65#  72.98 ± 2.65# 

     Sleep in night (%) 
3 mo  26.53 ± 1.59  28.19 ± 1.74 
12 mo  40.63 ± 2.76#  28.65 ± 2.76* 

     Sleep bouts in day 
3 mo  8.25 ± 0.36  8.03 ± 0.39 
12 mo  9.13 ± 0.62  7.88 ± 0.62 

      Sleep bouts in night 
3 mo  3.65 ± 0.40  4.13 ± 0.44 
12 mo  6.50 ± 0.70#  4.13 ± 0.70* 

Table 2-3: The distribution of 
behavioral sleep is altered in the 
BACHD mice. Behavioral 
measurements of sleep were carried 
out using video analysis on mice of 
3 months (n = 12 per genotype) and 
12 months of age (n = 4 per 
genotype). Comparisons between age 
and genotype were made between 
littermate WT and mutant mice with 
a 2-way ANOVA followed by Tukey's 
post hoc analysis. * indicates 
P < 0.05 between genotypes within 
age while # indicates P < 0.05 
between ages within genotype. 
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Circadian rhythms of heart rate and body temperature are severely disrupted in the BACHD 

mice. 

Surgical implantation of a telemetric device into the abdomen of mice allows for 

continuous recording of ECG waveforms and body temperature in freely-moving WT and 

BACHD mice.  We compared and analyzed a number of ECG features (RR, PR, QRS, QT, QTc 

intervals) between WT and BACHD mice under LD conditions to detect any diurnal and 

genotypic differences.  Both the WT and BACHD mice displayed significant day/night 

differences in the RR, PR, and QRS (Table 2-4).  Interestingly, the BACHD mice showed a 

significant increase in the PR interval during the night and a loss of diurnal rhythmicity in this 

parameter. 

 

 

Figure 2-3: BACHD mice show a decreased circadian response to light. (A) Examples of the response to 
6 hr shifts in the LD cycle for WT and BACHD mice at ~6 mo of age. (B) Examples of light-induced phase 
shifts for WT and BACHD mice at ~6 mo of age in DD. Mice in DD were exposed to light (100 lux, 10 
min duration) at CT 16 (indicated by symbol) and the resulting phase delay measured.  
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In order to examine the circadian component of HR and body temperature, we plotted the 

raw data to produce graphs similar to the actogram (Fig. 2-4) used for wheel-running activity 

analysis.  We also analyzed the raw data of individual mice by periodogram analysis (Table 2-5) 

and used the amplitude as an index of rhythm strength. Under LD conditions, WT mice exhibited 

robust daily rhythms of HR and body temperature that were synchronized to the LD cycle. 

Significant diurnal differences in HR (t6=-11.54, P < 0.001, n = 7) and body temperature (t6=-

8.693, P < 0.001, n = 7) were detected by t-tests (Table 2-5).  When WT mice were placed in 

DD, circadian rhythms of HR and body temperature remained robust with a free-running period 

of 23.7 hrs (Fig. 2-4, Table 2-5).  Circadian differences in average HR (t6=9.085, P < 0.001, n = 

7) and body temperature (t6=-19.684, P < 0.001, n = 7) remained significant (Table 2-5).  The 

BACHD mice displayed weak diurnal rhythms in HR and body temperature (Fig. 2-4).  The 

mutant mice exhibited increased HR and temperature during the day compared to WT (Table 2-

5).  Furthermore, under DD conditions, we detected significant circadian differences in body 

temperature (t7=-6.693, P < 0.001, n = 8) and HR (t7=-3.636, P = 0.008, n = 8; Table 2-5).  

Under DD conditions, the average HR and body temperature was higher in the BACHD mice 

than in WT (Table 2-5).  These data indicate that the amplitude of the temporal patterning of HR 

and body temperature is reduced in the BACHD mice due to a higher HR and body temperature 

during the day. 
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Figure 2-4: BACHD mice exhibit a breakdown in circadian rhythms as measured by telemetry. Examples 
of heart rate and body temperature measured from WT (left panels) and littermate BACHD (right panels) 
mice at ~6 mo of age are shown. Each horizontal row represents an activity record for a 24-hr day. 
Activity double plotted to aid detection of activity patterns.  Successive days are plotted from top to 
bottom. The average waveform of activity for each genotype as measured over 10-days in LD is also 
shown (right panels). 

 

Rhythms of HRV are disrupted in the BACHD mice 

 HRV is an index of the balance of sympathovagal signals to the heart and measures the 

variability of the time between individual heartbeats (Massin et al., 2000). We assessed the 

temporal patterning of neural signals to the heart by calculating HRV from WT and BACHD 

mice under LD and DD conditions (Fig. 2-5).  WT mice exhibited significant diurnal differences 

in HRV under LD (WT: t4=3.00, P = 0.04) and significant circadian differences under DD 

conditions (t4=3.582, P = 0.023). BACHD mice did not exhibit a diurnal difference in HRV 

under LD conditions (t5=1.414, P = 0.216) or DD conditions (t5=3.542, P = 0.14).  The average 
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HRV (measured over 24 hrs) was significantly lower in the BACHD group (t10 = 2.511, P = 

0.031, Fig. 2-5).  Overall our data suggest that the autonomic system is still functioning but the 

temporal patterning is altered, with particular deficits in the daytime or rest phase.  These results 

suggest that temporal patterning as well as the overall level of autonomic regulation of the 

cardiovascular system is compromised in the BACHD mice. 

 

 

 

Figure 2-5: BACHD mice exhibit a 
loss of their circadian rhythm in HRV. 
HRV is determined by calculating the 
variance of the time between individual 
beats, and is also known as the inter-
beat-interval (IBI). Top panel shows 
the average HRV as measured in the 
day and in the night when mice are 
maintained on an LD cycle.  The 
middle panel shows the average HRV 
as measured in the subjective day and 
night under DD conditions. The bottom 
panel shows that the overall HRV was 
significantly reduced in the BACHD 
mice. The * indicates significance 
difference in the HRV at the level of P 
< 0.05 as analyzed by one-way 
ANOVA followed by Tukey’s post-hoc 
comparison. 
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Daytime excitability of SCN neurons is reduced in the BACHD mice 

Using the current-clamp recording technique in the whole-cell patch clamp configuration 

(Fig. 2-6), we measured the SFR in dorsal SCN neurons from WT (n = 25) and BACHD (n = 26) 

mice.  Recordings (1 min) were made during the day (ZT 4-6) and night (ZT 14-16) and the 

resulting data analyzed by two-way ANOVA.  This analysis revealed a significant effect of time 

of day (F1,50 = 94.23, P < 0.05). As expected, the SFR of WT mice was significantly (t = 4.395, P 

<0.05) higher during the day (6.7 ± 1.5 Hz, n = 13) than during the night (2.1 ± 0.7 Hz, n = 12).  

In contrast, in the BACHD mice, there were no significant (t = 0.836, P = 0.557) differences 

between SFR during the day (3.1 ± 0.8 Hz, n = 14) and night (2.3 ± 1.0 Hz, n = 12).  The 

daytime SFR was significantly reduced (t = 3.575, P = 0.015) in the BACHD mice compared to 

WT mice.  So the insertion of the human HD gene appeared to eliminate the day/night difference 

in spontaneous activity in the mouse SCN by reducing the firing rate during the day. 

 
Genotype      WT  BACHD 

RR (ms) 
Day  125 ± 4  122 ± 7 
Night  99 ± 2.3* 107 ± 5* 

PR (ms) 
Day  38.1 ± 0.9 37.5 ± 0.6 
Night  34.8 ± 0.6* 36.9 ± 0.6# 

QRS (ms) 
Day  13.9 ± 0.3 13.7 ± 0.3 
Night  12.9 ± 0.4* 13.5 ± 0.3* 

QT (ms) 
Day  51.9 ± 1.1 51.9 ± 2.8 
Night  44.8 ± 1.9 46.6 ± 2.2* 

QTc (ms) 
Day  128 ± 1  128 ± 3 
Night  123 ± 2*  124 ± 2* 

 
Table 2-4: Average duration of ECG features (RR, PR, QRS, QT and QTc intervals) in WT and BACHD 
mice under LD conditions. ECG intervals at two time points: day (ZT 2–4) and night (ZT 14–16) were 
calculated and averaged over 8 days. * indicates significant difference in intervals between day and night 
(P < 0.05), which was analyzed by a paired Student's t-test. # indicates significant difference in intervals 
between WT and BACHD mice (P < 0.05) and was analyzed using an unpaired Student's t-test. 
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PER2 expression is not altered in the SCN of BACHD mice. 

To determine if the molecular machinery necessary to generate circadian oscillations 

was affected by the insertion of the HD gene, we used IHC to examine PER2 protein expression 

within the SCN.  The wheel running activity of WT and BACHD mice in LD was monitored and 

the mice were placed in DD for 3 days.  Mice (n = 3-4 per time point) from each genotype were 

sampled at 2 different points in the daily cycle (CT 2 and 14).  PER2 was strongly expressed in 

the SCN of both WT and BACHD mice (Fig. 2-7) with immuno-reactivity seen throughout the 

SCN.  The mean number of immuno-positive neurons per SCN section varied with time of day 

(Fig. 2-7) with peak counts found at early subjective night (CT 14) and low counts measured in 

the early subjective day (CT 2).  As measured by the PER2 rhythm, we do not see any evidence 

for gross disruption of the molecular clockwork in the BACHD mutant mice.  

 
Heart rate 

           Genotype      WT      BACHD 
Arrhythmic (%)   0%   0% 
Tau (hrs)   23.83 ± 0.04  23.85 ± 0.03 
Power (%)   28.0 ± 1  26.3 ± 3 
Average (24 h)   561 ± 7   586 ± 8* 
Sub. Day (average)  520 ± 7   554 ± 9* 
Sub. Night (average)  595 ± 7   611 ± 8 

Body temperature 
         Genotype      WT    BACHD 

Arrhythmic (%)   0%   0% 
Tau (hrs)   23.83 ± 0.03  23.85 ± 0.02 
Power (%)   69.2 ± 2  64.2 ± 4 
Average (24 h)   36.3 ± 0.04  36.6 ± 0.09* 
Sub. Day (average)  35.6 ± 0.07  35.9 ± 0.14* 
Sub. Night (average)  36.9 ± 0.03  37.0 ± 0.11 
 

Table 2-5: Key circadian parameters in heart rate and body temperature measured in freely moving mice 
maintained in constant darkness. The mice (n = 6–8 per group) were all young adult (6 months of age) 
males. Rhythms in HR and body temperature were measured using telemetry and examined using 
periodogram analysis. Comparisons were made between littermate WT and mutant mice with a Student's 
t-test, with * indicating a significant difference at P < 0.05 and ** indicating a significant difference at 
P < 0.01. 
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Figure 2-6: Daytime spontaneous neural activity is reduced in the SCN of BACHD mice. Using the 
current-clamp recording technique in the cell-attached configuration, we measured the spontaneous 
firing rate (SFR) in dorsal SCN neurons during the day (ZT 4-6; n = 13-14 per genotype) and night (ZT 
16-18; n = 12 per genotype). The top panels show representative examples of firing rate recorded from 
the WT and BACHD mice at each time point. The bottom panel shows plots of average firing rate for 
each genotype. Data is shown at means ± SEM. The * indicates significance difference between SFR at 
the level of P < 0.05 as analyzed by two-way ANOVA followed by Tukey’s post-hoc comparison.  

 

Discussion 

There are 3 general types of mouse models of HD (Levine et al., 2004; Menalled et al., 

2009; Cepeda et al., 2010) including: transgenic mice expressing the entire human HD gene 

(BACHD), transgenic mice expressing the first exon of the HD gene (R6/2), and knock-in mice 
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generated by inserting the expanded CAG repeats into the mouse HD gene (CAG 140).  No 

single mouse model can be expected to recapitulate all aspects of the human disease; therefore, 

we felt that it was important to explore possible circadian dysfunction in different mouse models 

of HD.  First, we confirmed the dramatic loss of daily and circadian rhythms in the R6/2 line 

(CAG 240, and CAG 140) as has been reported by Dr. Morton and colleagues (Fig. 2-1; Morton 

et al., 2005; Pallier et al., 2007) .  Both of the R6/2 lines of mice quickly progressed from pre-

symptomatic (4-6 weeks) to disrupted circadian rhythms and death (8-12 weeks).  This rapid 

progression makes the R6/2 lines excellent models for many aspects of HD but also made 

examination of the circadian phenotype difficult.  Many of the behavioral tests used to measure 

circadian parameters last longer than the short lifespan of the R6/2 mice.  In contrast, the CAG 

140 KI mice did not show a circadian phenotype at 3 mo of age (Fig. 2-1). At the older ages, the 

CAG 140 KI showed reduced amplitude locomotor activity rhythms (10-20%, P > 0.05) and 

increased time to re-entrain to a shift in the LD cycle (data not shown).  However, the circadian 

effects were mild compared to that seen in the other models and we stopped collecting data when 

the mice were 12 mo of age.  The mice line that we used was not fully back-crossed onto the C57 

background, so the genetic background may have contributed to the mild circadian phenotype.  

Of course, the mice may well have developed a more significant circadian phenotype at an older 

age.  
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Figure 2-7: PER2 rhythm within the SCN did not appear to be disrupted even in aged BACHD mice. 
Mice were held in DD and wheel running activity measured to determine circadian phase.  IHC was used 
to measure PER2 immunoreactivity in the SCN (n = 3-4 per group) of BACHD and WT controls. Tissue 
was collected in subjective day (CT 2) or subjective night (CT 14). (top panels) Photomicrographs of SCN 
tissue of each genotype in low (10X) and higher (40X) magnification. (bottom panel) Numbers of PER2 
immuno-positive cells in the SCN varied as a function of time of day with highest count in early night. No 
differences were found between the genotypes. Tukey’s post-hoc comparison, **P<0.01 (vs. CT2). 

 

The BACHD line exhibited clear diurnal and circadian deficits in wheel running activity 

at 3 mo of age (Fig. 2-1), a time at which motor deficits associated with the HD phenotype are 

first seen in this mouse model, but prior to development of neurodegeneration (Gray et al., 

2008).  There was a clear age-related progression to the disease with the amplitude of the 

rhythms declining with age (Fig. 2-2).  The central clock driving circadian rhythms is located in 

the SCN in the hypothalamus.  While many of the symptoms of HD appear to be the result of 

pathology within the basal ganglia, there has long been evidence that hypothalamic dysfunction 
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is also involved (Lavin et al., 1981; Kremer et al., 1990; Petersén et al., 2005; Wood et al., 

2008).  In humans, many of the non-motor symptoms of HD begin before the onset of motor 

symptoms, and include dysfunctions in hypothalamic-driven function, such as sleep, emotional 

state and metabolism (Julien et al., 2007; Duff et al., 2007; Soneson et al., 2010).  The early 

onset of the circadian disorders described in the present study (3 mo or young adult) fits with the 

clinical disease progression seen in humans.  Besides a clear deficit in the behavioral output, we 

were also able to document a compromised light response of the BACHD mice (Fig. 2-3).  The 

mice had difficulty adjusting to changes in the LD cycle, possibly due to the decreased 

magnitude of the phase shifting effects of light.  One likely consequence of these entrainment 

deficits is that the BACHD mice exhibit more activity during the time of the daily LD cycle 

when they should be sleeping.  In HD patients, sleep disturbances are a common clinical 

complaint that impairs the quality of life (Goodman & Barker, 2010).  To explore the sleep/wake 

patterns of the BACHD, we turned to behavioral measures of sleep (Campbell & Tobler, 1984; 

Schwartz & Smale, 2005; Loh et al., 2010).  We measured the patterns of sleep/wake in BACHD 

and WT littermates using video analysis.  The results (Table 2-3) clearly show that the mice 

exhibited a reduction of sleep early in their sleep cycle.  This observation with the BACHD mice 

parallels clinical observations of a prolonged sleep latency in the HD patients (Cuturic et al., 

2009; Aziz et al., 2010; Goodman & Barker, 2010).  Future work using EEG recordings will be 

necessary to specifically examine if the BACHD mice show any change in sleep states or in the 

depth of sleep.  

In HD patients, there is the suggestion of cardiac dysfunction with the best evidence 

indicating that HD alters the autonomic tone in cardiac tissue (e.g. Andrich et al., 2002; Kobal et 
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al., 2004; Bär et al., 2008).  The telemetry system enabled us to record ECG waveforms 

(Supplemental Fig. 2-2) and calculate HRV from WT and BACHD mice under LD and DD 

conditions.  HRV is a measure of the variation in the beat-to-beat (R-R) interval, and reflects the 

balance of sympathetic and parasympathetic input to the heart.  We found an overall decrease in 

HRV in BACHD mice compared to WT mice, indicating autonomic dysfunction in the BACHD 

mice (Fig. 2-5).  A decrease in HRV has been previously reported in patients in the early 

presymptomatic and middle stages of HD progression (Andrich et al., 2002; Kobal et al., 2010).  

As both HR and body temperature are regulated by the autonomic nervous system (ANS), the 

increase in average HR and body temperature observed in BACHD mice compared to WT mice 

is further evidence for dysfunction of the ANS.  It is interesting to consider that the telemetry 

recordings were carried out without the presence of a running wheel, which can alter overall 

activity levels in mice.  Reduced HRV is generally considered an indication of poor 

cardiovascular health and has been shown to be a predictor for cardiovascular disease and 

mortality (Bigger et al., 1992; Buccelletti et al., 2009; Thayer et al., 2010).  In this regard, it is 

worth considering that the autonomic imbalance may be promoting cardiac failure, which is a 

leading cause of death among HD patients (Chiu & Alexander, 1982; Lanska et al., 1988).   In 

addition to the overall decrease of HRV, the diurnal and circadian rhythms of HRV were also 

lost in BACHD mice.  The loss of rhythms in autonomic output and the shift in autonomic 

balance may be driving the damped rhythms of HR and body temperature in BACHD mice.  We 

also compared various ECG parameters between WT and BACHD mice under LD conditions 

(Table 2-4).  While most parameters were not different between the two genotypes and 

displayed significant day/night differences, we did not detect a day/night difference in the PR 
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interval in the BACHD mice and the night-time value was increased compared to WT.  The PR 

interval reflects the time the electrical impulse takes to travel from the sinus node through the 

atrioventricular node, the electrical pathway that connects the top chambers to the bottom 

chambers of the heart.  Regulation of this interval is dependent upon a number of factors, one 

being input from the autonomic system, whereby the PR interval elongates with increased 

parasympathetic tone, and shortens with increased sympathetic tone (Wallick et al., 1982; 

Carruthers et al., 1987).  Thus, the loss of day/night difference in the PR interval seen in the 

BACHD mice is further evidence for a dysfunction in ANS regulation. Overall, the dramatic 

decrease in HRV, increase in HR and body temperature, loss of day/night differences in the PR 

interval, as well as the decrease in the amplitude of rhythmicity in HR and body temperature 

suggests that the function of the ANS is compromised in the BACHD mice. 

SCN neurons are spontaneously active neurons that generate AP with a peak frequency of 

around 10-12 Hz during the day (Kuhlman & McMahon, 2006; Ko et al., 2009).  During the 

night, SCN neurons are normally quiescent.  In the present study, we examined the impact of the 

BACHD on the level of spontaneous activity during the day and night (Fig. 2-6).  In the daytime, 

we found that the excitability of SCN neurons was significantly reduced in the BACHD mice.  

Neurons in the SCN are well positioned to drive the rhythms in cardiac output through the 

regulation of the ANS (Buijs et al., 2003; Kalsbeek et al., 2006).  Previous anatomical studies 

have shown that VIP is expressed in SCN efferents projecting onto pre-autonomic neurons of the 

paraventricular nucleus (Teclemariam-Mesbah et al., 1997).  Both VIP message and protein are 

reduced in the SCN of R6/2 mice (Fahrenkrug et al., 2007) suggesting a mechanism through 

which cardiac output may be altered in this line of mice.  The decrease in the daytime electrical 
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activity in the SCN could well weaken the temporal patterning of the ANS.  The rhythms in both 

HR and body temperature were reduced in the BACHD mice due to deficits in the inhibition of 

these parameters in the day.  Similarly, the induction of sleep was significantly reduced early in 

the day.  These observations are all consistent with the hypothesis that the weakening of 

electrical output from the SCN could underlie a number of the phenotypes observed in the 

BACHD mice.  These physiological results provide important support for the hypothesis that the 

HD mutation alters the generation of the daily rhythms in firing rate that are a hallmark feature 

of SCN neurons. 

Interacting molecular feedback loops driving rhythmic transcription and translation of 

key clock genes such as Period (e.g. Hastings et al., 2003), are at the core of the oscillatory 

mechanism responsible for driving circadian oscillation.  As a first screen for possible deficits in 

this molecular clockwork, we looked at PER2 expression in the peak and trough of the rhythm 

(Fig. 2-7).  By this measure, we do not see any evidence that the molecular clockwork is 

disrupted in the SCN of BACHD mutant mice.  However, in light of the differential loss of 

rhythms in the core clock genes Cry1 and Dbp, but not of Bmal1 and Per2 in the liver of R6/2 

mice (Maywood et al., 2010), further work is required for a definitive answer as to whether 

rhythms in gene expression are altered in the SCN of BACHD mice. Prior work with the R6/2 

line suggests that the behavioral impairment in the mice is accompanied by disordered 

expression of circadian clock genes in vivo in the hypothalamus (SCN) and in the motor controls 

regions of the brain including the striatum (Pallier et al., 2007). The BACHD mice did show a 

lengthening of free-running period in DD (Table 2-1).  Changes in the circadian period length 

are indicative of a disruption in the underlying circadian pacemaker system (Takahashi et al., 
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2008).  Therefore, our data with the BACHD mice suggest that these mice have deficits in all of 

the key elements of the circadian timing system including photic input, generation of 

oscillations, and outputs.  

This disruption of circadian rhythms is likely to have profound consequences on the 

health of the HD patient (Hastings et al., 2003; Takahashi et al., 2008).  It is becoming 

increasingly clear that robust daily rhythms of sleep & wake are essential to good health.  A wide 

range of studies have demonstrated that disruption of the circadian system leads to a cluster of 

symptoms, including metabolic deficits  (Turek et al., 2005; Marcheva et al., 2010), 

cardiovascular problems (Feng et al., 2006; Bray & Young, 2008), difficulty sleeping (Wulff et 

al., 2009; Reid & Zee, 2009) and cognitive deficits (Wang et al., 2009; Gerstner et al., 2009; Loh 

et al., 2010).  Many of these same symptoms are seen in HD patients prior to onset of motor 

symptoms.  This brings up the question as to the extent that circadian perturbations exacerbate 

the non-motor symptoms of HD.  Recent work suggests that interventions that may stabilize the 

deteriorating daily rhythms can help with the cognitive symptoms in the R6/2 line (Pallier et al., 

2007; Maywood et al., 2010).  We do not know yet if these interventions actually improve the 

circadian rhythms and if this type of treatment strategy can be effective in mouse models.  Based 

on the present data, future work will need to focus on a better understanding of how the BACHD 

mutation alters the electrical activity within the SCN and on interventions that can improve these 

disruptions.   
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iii. Supplemental Data 

 

Supplemental Figure 2-1: BACHD mice exhibit decreased sleep in the early day. Video analysis was 
used to measure sleep behavior in WT and BACHD mice. The bar graph shows the distribution of sleep 
as a 
function of time of day for each genotype. Sleep was significantly reduced in the first 6 hrs of the day but 
not at the other times. The * indicates significance difference in the % of sleep at the level of P < 0.05 as 
analyzed by two-way ANOVA followed by Tukey’s post-hoc comparison. 

 

 

 

 

Supplemental Figure 2-2: In vivo ECG recordings from freely-behaving mice. Representative example of 
In ECG tracing from a WT mouse labeled with features and intervals of the waveform. The PR interval 
was significantly increased in the BACHD mice (Table 2-4). 
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v. Baroreceptor reflex dysfunction in the BACHD mouse model of Huntington’s disease. 

 

Abstract 

 Huntington’s disease is a progressive, neurodegenerative disorder that presents with a triad of 

clinical symptoms, which include movement abnormalities, emotional disturbance and cognitive 

impairment. Recent studies reported dysfunction of the autonomic nervous system in 

Huntington’s disease patients, which may contribute to the increased incidence of cardiovascular 

events in this patient population that often leads to death. We measured the baroreceptor reflex, a 

process dependent on proper autonomic function, in the BACHD mouse model of Huntington’s 

disease. We found a blunted response of the baroreceptor reflex as well as significantly higher 

daytime blood pressure in BACHD mice compared to WT controls, which are both indications of 

autonomic dysfunction. BACHD mice had increased heart weight to tibia length ratios at 7 and 

12 mo of age suggesting hypertrophic changes of the heart, which we speculate is a response to 

the increased blood pressure and aberrant baroreceptor reflex. Despite these structural changes, 

the hearts of BACHD mice continue to function normally as assessed by echocardiographic 

analysis. Studies of autonomic and cardiovascular function in BACHD mice may help elucidate 

the pathology of Huntington’s disease and aid in the development of clinical strategies to offset 

the incidence of fatal cardiovascular events in the Huntington’s disease patient population. 

 

Introduction 

Huntington’s disease is an autosomal dominant neurodegenerative disorder 

characterized by apoptotic death of neurons in various brain regions that result in the progressive 

deterioration of movement, cognitive abilities and behavioral control (Margolis & Ross, 2003).  
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In addition, Huntington’s disease patients are at increased risk for cardiovascular morbidity and 

are likely to succumb to cardiovascular events (Chiu & Alexander, 1982; Lanska et al., 1988).  

Recent studies reported that individuals with Huntington’s disease display aberrant changes in 

the autonomic nervous system (ANS) that are detected even before the onset of other 

Huntington’s disease symptoms.  Misregulation of both the sympathetic and parasympathetic 

branches of the ANS have been described, whereby the sympathetic nervous system (SNS) 

becomes hyperactive in presymptomatic Huntington’s disease patients while the activity of the 

parasympathetic nervous system (PNS) progressively declines (Sharma et al., 1999; Andrich et 

al., 2002; Kobal et al., 2004, 2010; Bär et al., 2008; Aziz et al., 2010a).  These types of changes 

in the ANS are associated with poor prognosis for serious cardiovascular events that many times 

lead to death (Algra et al., 1993; Tsuji et al., 1994; Dekker et al., 1997).  Further study of the 

cardiovascular system as well as autonomic activity in Huntington’s disease patients may help in 

better understanding disease pathology that may lead to clinical strategies to help curb the 

number of cardiovascular events in the patient population. 

Many mouse models of Huntington’s disease have been created to recapitulate the 

various characteristics of the disease to allow for mechanistic investigations.  In some of the 

models, a cardiovascular phenotype has been documented (Mihm et al., 2007; Pattison et al., 

2008; Sassone et al., 2009; Kudo et al., 2011).  We are particularly interested in the BACHD 

model: a transgenic mouse that expresses the expanded form of the human htt gene that encode 

97 stable glutamine repeats (Gray et al., 2008).  BACHD mice develop HTT aggregates similar 

to adult onset Huntington’s disease and display progressive motor deficits.  There is also 

evidence for circadian deficits along with indications that the ANS is affected as measured by 

heart rate variability (Kudo et al., 2011).  Further investigations of this mouse model may help 



	
  

	
   63 

elucidate the autonomic and cardiovascular pathology in Huntington’s disease. 

In this study, we investigated the cardiovascular phenotype in BACHD mice and report 

echocardiography, heart morphometry and baroreceptor reflex properties in middle-aged mice.  

The baroreceptor reflex is responsible for the overall tone as well as the acute moment-to-

moment regulation of blood pressure (BP) by modulating cardiac output and total peripheral 

resistance (Pilowsky & Goodchild, 2002; Benarroch, 2008).  The central autonomic network, 

which includes the nucleus tractus solitarius (NTS) and other nuclei, receive and integrate BP 

information from baroreceptor cells located in the carotid artery and aortic arch.  The system 

responds by modulating autonomic outflow to various tissues of the body such as the heart, 

blood vessels and adrenal glands, in order to adjust BP accordingly (Pilowsky & Goodchild, 

2002).   Dysregulation of this reflex in the long run, may lead to detrimental consequences on the 

cardiovascular system (Timmers et al., 2003).  Effects on the heart can be assessed using 

echocardiography and morphometry measurements, which look for changes in heart function and 

structure, respectively.  In our study, we find evidence for abnormal heart morphometry, changes 

in baseline BP, as well as a dysfunctional baroreceptor reflex response that would suggest 

dysregulation by the ANS. 

 

Methods 

Animals 

BACHD mice on the C57BL6/J background (Gray et al., 2008) along with littermate 

wild-type (WT) controls were obtained from the mouse mutant resource at JAX (The Jackson 

Laboratory, Bar Harbor, Maine) in a colony maintained by the CHDI Foundation.  In order to 

obtain a sufficient number of animals for the baroreceptor studies, we included data from non-
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littermate (n=4/8) C57BL6/J WT mice.  Animals were housed in a controlled environment with a 

12 hr light and 12 hr dark lighting cycle where lights-on occurred at 7am.  All the animals used 

in these studies were subject to all recommendations for animal use and welfare outlined by the 

UCLA Division of Laboratory Animals, as well as guidelines from the National Institutes of 

Health. The protocols for these studies were approved by the UCLA Animal Research 

Committee. 

  

Baseline Measurements and Baroreceptor Reflex 

The administration of Angiotensin II (ATII) or Nitroprusside (NP) leads to episodes of 

hypertension or hypotension, respectively.  Changes in BP as a result of drug administration 

should elicit a compensatory response of heart rate (HR) via the baroreceptor reflex in order to 

normalize BP levels.  Differences in the ratio of change in HR to BP (∆HR/∆BP) may indicate 

aberrant signaling to the heart by the ANS.  Baroreceptor function was examined in WT (n=8) 

and BACHD (n=6) mice (7-9 mo of age) between the times of 11am (zeitgeber time, ZT 4) and 

4pm (ZT 9).  During the experiment, HR was determined from the R-R interval of the 

electrocardiogram (EKG).  Mice were anesthetized and both femoral arteries were catheterized, 

whereby BP measurements were collected from one artery and drugs were administered through 

the other artery.  Following catheterization, isoflurane levels were decreased to between 1-1.5% 

and the mice were allowed to rest for at least 10 minutes.  Baseline BP and HR were then 

recorded.  Increasing concentrations of AT II (Low Dose (LD): 0.5, Mid Dose (MD): 1.0, High 

Dose (HD): 4.0 µg/kg) were administered, and each dose was followed by a flush of saline 

(+heparin 3U/mL) to ensure full delivery of the drugs.  Increasing concentrations of NP (LD: 10, 

MD: 20, HD: 40 µg/kg) were then administered similarly.  We spaced each drug infusion leaving 
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at least 10-15 minutes between administrations to allow BP and HR to return to baseline levels.  

As a control, we blocked both the muscarinic (75µg/kg glycopyrrolate) and β-adrenergic 

(750µg/kg propranolol) receptors before administering another HD dose of ATII and NP.  We 

calculated the absolute value of the maximum change in BP as well as the subsequent directional 

change in HR.  Ratios of these two values (∆HR/∆BP) reflect the magnitude HR change relative 

to the change in BP that characterizes the sensitivity of the baroreceptor response. 

  

Echocardiography and Heart Morphometry 

In order to assess cardiac function, WT (n=6) and BACHD (n=5) mice (11-12 mo) 

were subject to a two-dimensional, M-mode echocardiography and spectral Doppler images 

acquired by a Siemens Acuson Sequoia C256 equipped with a 15L8 15MHz probe (Siemens 

Medical Solutions, Mountain View, CA) as previously described (Jordan et al., 2010).  Mice 

were lightly anesthetized with 1% isoflurane vaporized in oxygen (Summit Anesthesia Solutions, 

Bend, OR).  The HR was determined from the R-R intervals of their EKG and was maintained at 

physiological levels (between 450 and 650 bpm) during the procedure.  Parameters measured 

include: Ventricular Septal Thickness (VST), End Diastolic Diameter (EDD), Posterior Wall 

Thickness (PWT), End Systolic Diameter (ESD), Aortic Ejection Time (Ao-ET), Left 

Ventricular percent Fractional Shortening (LV%FS), Left Ventricular Ejection Fraction (LvEF), 

Left Ventricular Mass (LVmass), and Early Diastole/Atrial contraction ratio (E/A).  

Body weight (BW), heart weight (HW) and tibia length (TL) were measured from 7-8 

mo (WT: n=5; BACHD: n=7) and 12 mo old (WT: n=6; BACHD: n=5) mice.  HW/TL or 

HW/BW ratios were calculated to determine if there are differences in heart morphometry. 
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Statistics 

Baseline BP, HR as well as echocardiogram parameters were compared using a Student’s t-test.  

A two-way repeated measures ANOVA was used to analyze the Baroreceptor data (genotype x 

drug concentration) and a two-way ANOVA was used to analyze the morphometry data 

(genotype x age). 

  

Results            

Baseline BP and HR in anesthetized mice 

            To begin to determine whether BACHD mice show dysfunction in the cardiovascular 

system, we measured baseline BP and HR in lightly anesthetized WT (n=8) and BACHD mice 

(n=6; 7-9 mo of age).  Systolic BP was significantly higher in BACHD mice (108.0 ± 6.9 

mmHg) compared to WT controls (86.1 ± 3.2 mmHg; t12=-3.13, P=0.009) although BP levels 

were still considered to be within the normal range.  BACHD mice also displayed increased HRs 

(615 ± 23 bpm) compared to WTs (537 ± 21 bpm; T=61.0, P=0.043).  The increased BP and HR 

measured in BACHD mice reflect a change in the regulation of the cardiovascular system.  

Although the BP levels are still normal, the increase may be indicative of future susceptibility for 

cardiovascular events. 

  

Baroreceptor Reflex 

            There is evidence that the ANS is dysfunctional in patients with Huntington’s disease.  It 

has also been reported that BACHD mice have significantly decreased HRV indicative of 

abnormal signal input to the heart by the ANS (Kudo et al., 2011).  We measured the 

baroreceptor reflex of BACHD and WT mice to determine whether this feedback mechanism of 
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regulating BP, which is mediated by the ANS, is also disrupted.  Changes in the ratios between 

the magnitude change in BP and HR after ATII (vasoconstrictor) or NP (vasodilator) 

administration, may indicate aberrant signaling to the heart by the ANS.     

 

Figure 2-8:  Baroreceptor Reflex in WT and BACHD mice.  Mice were administered increasing 
concentrations of ATII (A) and NP (B).  For control conditions, mice were primed with muscarinic and β- 
blockers before administration of the HD of ATII and NP.  The maximum change in HR (∆HR) and the 
absolute value of the maximum change in BP (∆BP) following drug administration was measured.  We 
compared ∆HR/∆BP among the different groups using a 2-way repeated measures ANOVA.  # significant 
response compared to control conditions in WT mice.  ^ significant response compared to control 
conditions in BACHD mice. * significant difference between WT and BACHD mice.  
 

Increasing concentrations of ATII (LD-0.5, MD-1.0, HD-4.0 µg/kg) were administered to 

mildly anesthetized WT and BACHD mice. By 2-way repeated measures ANOVA, we detected 
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significant variation between genotype (F1,55=7.28, P=0.019) and concentration of ATII drug 

(F3,55=16.94, P<0.001), but no significant interaction between genotype and drug concentration 

(F3,55=0.88, P=0.46; Fig. 2-8A).  Post hoc analysis indicate significant responses to all 

concentrations of AT II in WT mice when compared to the control conditions where the β- and 

muscarinic receptors were respectively blocked with propranolol and glycopyrrolate  before 

administration of a HD of ATII (control vs. LD: t14= 2.32, P<0.01; control vs. MD: t14= 2.13, 

P<0.001; control vs. HD: t14= 1.50, P<0.001).  Compared to controls, BACHD mice showed a 

significant difference in ∆HR/∆BP ratio when administered the LD and MD of ATII, but did not 

have a significant response to the HD (control vs. LD: t10= 3.49, P=0.008; control vs. MD: t10= 

2.87, P=0.041; control vs. HD: t10= 2.31, P=0.16).  For each of the doses of ATII, the HR of 

BACHD mice responded with less magnitude compared to WT mice (LD: t12= 2.03, p=0.049; 

MD: t12= 2.21, p=0.033; HD: t12= 2.33, P=0.025).  There was no difference in the ∆HR/∆BP 

ratios between WT and BACHD mice when the β- and muscarinic receptors were blocked 

(control: t14= 0.58, P=0.56). 

         To test the HR response of WT and BACHD mice to decreases in BP, we administered 

increasing concentrations of NP (LD- 10, MD- 20, HD- 40 µg/kg).  By 2-way repeated measures 

ANOVA, we detected significant interaction between genotype and concentrations of NP drug 

(F3,55=4.079, P=0.014, Fig. 2-8B).  Post hoc analysis detects a significant response to all 

concentrations of NP in WT mice when compared to the control (control vs. LD: t14= 5.62, 

P<0.001; control vs. MD: t14= 6.35, P<0.001; control vs. HD: t14= 6.89, P<0.001).  BACHD 

mice, on the other hand, did not show any significant response for any of the concentrations of 

NP when compared to the control condition (control vs. LD: t10= 1.43, P=0.96; control vs. MD: 

t10= 2.26, P=0.18; control vs. HD: t10= 1.66, P=0.64).  For each of the doses of NP, BACHD had 
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significantly lower responses compared to WT mice (LD: t12= 3.32, P=0.002; MD: t12= 3.17, 

P=0.003; HD: t12= 4.05, P<0.001).  When mice were primed with β- and muscarinic receptor 

blockers, there was no difference in ∆HR/∆BP ratios between WT and BACHD mice after HD 

NP administration (control: t12= 0.46, P=0.65). 

These data suggest that middle-aged BACHD mice have dysfunctional baro-receptor 

reflexes compared to WT controls.  BACHD mice are unable to appropriately modulate their 

HRs in response to either an increase or decrease in BP.  

  

Morphometry 

Increases in BP and changes in baro-receptor reflex function may lead to cardiac 

hypertrophy.  We used a standard measure of heart morphometry by calculating the ratio of heart 

weight (HW) relative to body weight (BW) or tibia length (TL) in 7-8 mo and 12 mo old WT and 

BACHD mice.  

 

 

 Table 2-6:  Morphometry measurements of WT and BACHD mice. * significance between genotypes.  # 
significance between ages. 
            

In comparing the morphometry parameters among the various groups by 2-way ANOVA, 

we detected a significant effect of genotype on BW (F1,22=11.36, P=0.003), with BACHD mice 

displaying increased BW at 7mo. of age (t12=3.31, P=0.004) when compared to WT mice, but 
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this difference is no longer detected between genotypes at 12 mo of age (t12=1.49, P=0.15; 

Table 2-6).  When comparing the HWs, we found a significant effect of genotype (F1,22=13.20, 

P=0.002) and age (F1,22=8.78, P=0.008), but no significant interaction between genotype and age 

(F1,22=0.13, P=0.72; Table 2-6).  The HWs of WT mice increased as they aged (t14=1.31, 

P=0.032), but at both age groups, the HW of BACHD mice were significantly higher when 

compared to WT mice (7mo.: t12=2.87, P=0.01; 12mo: t12=2.28, P=0.035).  Lastly, we found a 

significant effect of age (F1,22=7.16, P=0.015) when comparing TL (Table 2-6).  The TL of WT 

mice increased as they aged (t14=2.88, P=0.01), but this trend was not detected in BACHD mice.  

Similar to BW, the TLs of BACHD mice were longer at 7mo. (t12= 2.43, P=0.025) compared to 

WT mice, but not at 12 mo of age (t12= 0.32, P=0.76).  

            We did not find significant differences in the HW/BW ratios between WT and BACHD 

mice by 2-way ANOVA (age: F1,22=0.66, P=0.43; genotype: F1,22=2.85, P=0.108; age X 

genotype: F1,22=2.22, P=0.15), but measured significant differences in the HW/TL ratios 

between the two genotypes (Fig. 2-9).  By 2-way ANOVA, we find a significant effect of 

genotype (F1,22=10.50, P=0.004) and age (F1,22=5.31, P=0.033), but do not detect an interaction 

between genotype and age (F1,22=0.001, P=0.97).  The HW/TL ratios did not change as BACHD 

or WT mice aged (WT: t9=0.131, P>0.05; BACHD: t10=0.108, P>0.05), but the HW/TL ratios 

were significantly higher in BACHD mice compared to WT mice at both ages (7mo: t10=2.30, 

P=0.033; 12mo: t9=2.28, P=0.034).  These data indicate that the hearts of BACHD mice are 

increased in weight in relation to body frame and may be undergoing some form of remodeling.  
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Figure 2-9:  Heart Morphometry comparisons between WT and BACHD mice at 7 mo and 12 mo of age.  
HW/BW or HW/TL were calculated for all genotypes and age groups and compared using a 2-way 
ANOVA. * significant difference between genotypes. 
 

Echocardiographic Analysis 

            Changes in the morphology of the hearts of BACHD mice, could cause aberrant 

modifications in heart function.  Therefore, we subjected BACHD and WT mice to 

echocardiographic analysis at about 12 mo of age in order to assess heart function.   We found no 

significant differences in any of the parameters measured (Table 2-7).   Though not statistically 

significant, the wall thicknesses and LV mass were slightly higher in the BACHD mice 

consistent with the morphometry data. Despite indications of abnormal regulation of BP and 

baroreflex, the hearts of BACHD mice continue to function normally at this age as assessed by 

echocardiogram. 
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Table 2-7: Echocardiogram parameters in 12 mo old WT and BACHD mice.  No significant differences 
were detected between genotypes using a Student’s t-test.  HR- Heart Rate; VST-Ventricular Septal 
Thickness, EDD- End Diastolic Diameter, PWT- Posterior Wall Thickness, ESD- End Systolic Diameter, 
Ao-ET- Aortic Ejection Time, LV%FS- Left Ventricular percent Fractional Shortening, LvEF- Left 
Ventricular Ejection Fraction, LVMass- Left Ventricular Mass, and E/A- Early Diastole/Atrial 
contraction ratio. 
 
 

Discussion 

We report dysfunction of the ANS in BACHD mice, as measured by the baroreceptor 

reflex.  Furthermore, baseline measurements of BP and HR were higher in BACHD mice 

compared to WT controls.  Lastly, we find changes in the morphometry of the heart, but 

echocardiography did not detect any functional changes at 12 mo of age.   

The increased baseline BP levels measured in lightly anesthetized BACHD mice indicate 

changes in the overall regulation of BP tone.  Importantly, these BP recordings were taken 

during the day, a time in the resting period of mice when BP is expected to be low.  These 

increased BP levels parallel the reported increase in HR of BACHD mice also measured during 

the day (Kudo et al., 2011), suggesting a global dysregulation of the cardiovascular system 
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causing it to be hyperactive during the rest period.  The blunted depression in BP levels during 

rest would be similar to a nondipping pressure profile observed in humans, which in many cases 

is an indication of dysautonomia (Kanbay et al., 2008; Myredal et al., 2010).  Nondippers have a 

higher risk for future cardiovascular events, as well as damage to other organs (White, 2007; 

Kanbay et al., 2008).  Published reports of BP in Huntington’s disease patients do not detect 

significant differences compared to control groups, however BP measurements were taken 

during the day when patients are in a more active state, which could mask the higher levels of BP 

tone (Andrich et al., 2002; Bär et al., 2008).  This appears to be the case for HR in BACHD 

mice, as HR levels are not significantly different between WT and BACHD mice during the 

active period (Kudo et al., 2011).  Therefore, it may be valuable to examine nighttime BP and 

HR in Huntington’s disease patients, as well as pursue circadian studies of BP in awake and 

freely moving BACHD mice, which would further explore the extent of dysregulation in BP.  It 

is important to note that the BWs of BACHD mice are significantly increased at 7 mo of age 

compared to WT mice, possibly due to hypoactivity (Oakeshott et al., 2011; Kudo et al., 2011), 

which may contribute to the observed increase in BP in BACHD mice.  This increased BW is 

transient, as the BWs are no longer significantly different at 12 mo of age.  Comparisons of BP at 

this older age may indicate whether heavier BW and/or other mechanisms of BP regulation are 

factors involved in the increase of BP observed in BACHD mice. 

The BACHD mice showed deficits in the baroreceptor reflex, whereby the response in 

HR to the transient hyper- and hypotension induced by ATII and NP, respectively, is blunted 

compared to WTs.  This blunted response in both directions of the reflex suggests that both 

branches of the ANS may be affected.  The primary deficit in the baroreceptor reflex in BACHD 

mice is unknown, as this process is mediated by various regions of the brain that include the 
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brainstem and hypothalamus, along with possible deficits in the outputs from the central 

autonomic nervous system (Kobal et al., 2004; Benarroch, 2008; Oakeshott et al., 2011).  Htt 

deposits are found globally in BACHD mice, which could disrupt function among cells in the 

baroreceptor pathway, even without evidence for gross degeneration of these brain regions (Gray 

et al., 2008).  In HD patients, the detection of alterations in the baroreceptor pathway, such as the 

vagal nuclei and cerebral cortex, are establishing structural cause for the dysfunction (Benarroch, 

1993; Squitieri et al., 2001; Andrich et al., 2002; Ma et al., 2002; Kobal et al., 2004).  Ideally, 

identification of the site of dysfunction could be used to devise an appropriate therapeutic 

approach to manage symptomatic HD patients (Izzo & Taylor, 1999).  In humans, similar studies 

have been conducted to test the response of the baroreceptor reflex.  Results have been mixed, 

however recent studies report deficits during the Valsalva maneuver, hand-grip test, and the head 

up tilt test (Den Heijer et al., 1988; Izzo & Taylor, 1999; Sharma et al., 1999; Andrich et al., 

2002).  Furthermore, patients complain of dizziness and light-headedness upon standing, which 

are symptoms of baroreceptor dysregulation resulting in orthostatic hypotension (Kobal et al., 

2004; Aziz et al., 2010a).  Other measurements such as Heart Rate Variability and sympathetic 

skin response suggest that both branches of the ANS are disrupted in HD patients (Sharma et al., 

1999; Andrich et al., 2002; Kobal et al., 2004).  During the very early stages of HD, the 

sympathetic nervous system appears to be hyperactive (Kobal et al., 2004, 2010; Bär et al., 

2008).  As the disease advances, parasympathetic activity progressively decreases (Sharma et al., 

1999; Andrich et al., 2002; Bär et al., 2008).  In our experiments, the blunted increase in HR 

after NP administration in BACHD mice may be a result of a ceiling effect for sympathetic 

activity, in that the range for further activation is limited due to an already hyperactive 

sympathetic nervous system.  The blunted decrease in HR after ATII administration may be a 
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result of the dysfunction of both branches of the autonomic nervous system.  The hyperactivity 

of the sympathetic nervous system may not allow the HR to fully depress and in addition, the 

progressive dysfunction of the parasympathetic nervous system may be inadequate to slow HR.  

Tests to measure both the sympathetic and parasympathetic nervous system activity in BACHD 

mice would be able to determine the extent of the dysfunction of each of the branches. 

There is a high prevalence of autonomic dysfunction in Huntington’s disease patients 

that manifest as various clinical symptoms and signs such as gastrointestinal complaints, urinary 

difficulties and postural dizziness (Aziz et al., 2010a).  More profound may be the increased risk 

of cardiac arrhythmias, and the development of coronary heart disease, that result in a significant 

number of deaths within the Huntington’s disease population (Aminoff & Gross, 1974; Chiu & 

Alexander, 1982; Lanska et al., 1988; Andrich et al., 2002).  Importantly, these autonomic 

symptoms occur before any motor deficits, therefore measures of autonomic dysfunction could 

be a valuable tool in Huntington’s disease diagnosis and staging (Kobal et al., 2010; Aziz et al., 

2010a).  Upon diagnosis, vigilant monitoring of the cardiovascular system may help deter the 

incidence of fatal events.  We were able to measure changes in the morphometry of the heart in 

BACHD mice relative to body frame size (TL), which could indicate the start of cardiac 

remodeling in response to the increased BP and aberrant autonomic signaling.  Echocardiogram 

results do not show functional changes in the hearts of BACHD mice, suggesting that the hearts 

at this stage of the disease are still able to compensate despite the morphological and 

physiological changes in the cardiovascular system.  The R6/2 Huntington disease mouse model, 

which display a more rapid disease progression, develop serious cardiac dysfunction suggesting 

a cardiotoxic effect of htt deposits in the heart (Sassone et al., 2009), and we speculate that 

BACHD mice may develop cardiac dysfunction at an older age.  Future work can be directed to 
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study the susceptibility of this BACHD model to cardiovascular stresses as well as design 

management strategies focused on cardiovascular health to offset and reduce the chances of 

serious cardiovascular events in HD patients.  
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CHAPTER 3 

i. Introduction 

 

 In the published paper entitled “Circadian Regulation of Cardiovascular Function: a role 

for Vasoactive Intestinal Peptide” by Schroeder et al 2011, we found a disruption in the diurnal 

and circadian rhythms of ECG parameters, Heart Rate Variability, HR, body temperature and 

cage activity in VIP-deficient mice.  The QT interval of the ECG waveform was significantly 

elongated in the VIP-deficient mice.  Acute HR responses appear to be intact in VIP-deficient 

mice but respond differently compared to WT.  Lastly, we found robust rhythms in clock gene 

expression in the hearts of VIP-deficient mice under LD conditions, but these rhythms were 

significantly phase advanced compared to WT mice.  
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ii. Circadian Regulation of Cardiovascular Function: a role for vasoactive intestinal 

peptide.  

 

Abstract 

The circadian system, driven by the suprachiasmatic nucleus (SCN), regulates properties 

of cardiovascular function.  The dysfunction of this timing system can result in cardiac 

pathology.  The neuropeptide vasoactive intestinal peptide (VIP) is crucial for circadian rhythms 

in a number of biological processes including SCN electrical activity and wheel running 

behavior.  Anatomical evidence indicates that SCN neurons expressing VIP are well-positioned 

to drive circadian regulation of cardiac function through interactions with the autonomic centers.  

In this study, we tested the hypothesis that loss of VIP would result in circadian deficits in heart 

rate (HR) and clock gene expression in cardiac tissue.  We implanted radio-telemetry devices 

into VIP-deficient mice and wildtype (WT) controls and continuously recorded HR, body 

temperature and cage activity in freely moving mice.  In light/dark conditions, VIP-deficient 

mice displayed weak rhythms in HR, body temperature and cage activity, with onsets that were 

advanced in phase compared to WTs.  Similarly, clock gene expression in cardiac tissue was 

rhythmic but phase advanced in the mutant mice.  In constant darkness, the normal circadian 

rhythms in HR were lost in the VIP-deficient mice; however, most mutant mice continued to 

exhibit circadian rhythms of body temperature with shortened free-running period.  The loss of 

VIP altered, but did not abolish, autonomic regulation of HR.  Analysis of the echocardiograms 

did not find any evidence for a loss of cardiac function in the VIP-deficient mice, and the size of 

the hearts did not differ between genotypes.  These results demonstrate that VIP is an important 

regulator of physiological circadian rhythmicity in the heart. 
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Introduction 

Circadian rhythms are an endogenous timing mechanism that coordinates behavioral, 

physiological, and biochemical processes with the 24-hour environment of light and dark 

(Takahashi et al., 2008).  The site of the core circadian clock lies in a bilaterally paired nucleus 

located in the hypothalamus called the suprachiasmatic nucleus (SCN).  Neurons from this region 

have the intrinsic ability to generate circadian rhythms in electrical activity, secretion, and 

metabolism. These intrinsic rhythms are generated by a cell-autonomous molecular feedback loop 

driving rhythmic transcription and translation of key clock genes such as Period (Per1, Per2), 

Cryptochrome (Cry1, Cry2), Clock (Clk) and Bmal1 (Ko & Takahashi, 2006).   

 Recently, it has become clear that mammals exhibit robust circadian rhythms in 

cardiovascular function that are dependent upon signals from the SCN. Cardiovascular parameters 

such as heart rate (HR) and blood pressure are elevated during periods of wake and depressed 

during periods of sleep in anticipation of the level of physical activity and physiological demands 

of the organism (Guo & Stein, 2003).  Cardiac tissue also exhibits rhythmic expression of clock 

genes (Oishi et al., 1998; Sakamoto & Ishida, 2000; Martino et al., 2004; Guo et al., 2005). The 

function of such oscillations in the heart is unknown, but a reasonable assumption is that these 

molecular oscillations serve to gate information from the SCN to heart-specific rhythmic outputs. 

Circadian rhythms of HR and clock gene expression in the heart disappear when the SCN is 

lesioned (Witte et al., 1998; Scheer et al., 2001; Martino et al., 2008). 

 In humans, the onset of cardiovascular events such as myocardial ischemia, infarctions, 

and arrhythmias cluster around the morning period suggesting influence by the circadian system 

(Muller et al., 1985, 1989; Marler et al., 1989; Hu et al., 2004).  Furthermore, disruptions in the 

circadian system caused by shiftwork, is associated with increased incidence of cardiovascular 
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disease and mortality  (Knutsson et al., 1986; Tüchsen, 1993; Stoynev & Minkova, 1998; Brown 

et al., 2009). Work using animal models supports the view that circadian rhythmicity may be a 

critical aspect of cardiovascular health. Circadian perturbations have been shown to exacerbate 

heart disease and decrease survival in cardiomyopathic hamsters (Martino et al., 2007, 2008).  It 

has also been shown that the deletion of mPer2 in all tissues provided a protective measure 

against myocardial infarction (Virag et al., 2010).  These studies suggest a complex interaction 

between circadian rhythms and cardiovascular function exists that influences cardiovascular 

disease progression.  

 The neuropeptide VIP and its receptor VPAC2R are critical for normal circadian function.  

The loss of VIP signaling has been shown to abolish electrical rhythmicity in a subgroup of SCN 

neurons, while those that remain rhythmic exhibit a decrease in cellular coupling (Aton et al., 

2005; Maywood et al., 2006; Brown et al., 2007; Vosko et al., 2007).  Many SCN neurons that 

project to extra-SCN tissues and peripheral outputs are VIPergic and therefore, VIP may be 

required for communication between the SCN and peripheral tissues to drive rhythms in 

behavior and other biological processes (Kalsbeek et al., 1993; Ban et al., 1997; Sollars & 

Pickard, 1998).  Indeed, studies of circadian output in VIP-deficient mice demonstrate that VIP 

is critical for normal circadian rhythms in wheel running behavior, metabolic processes and 

plasma corticosterone levels (Colwell et al., 2003; Loh et al., 2008; Bechtold et al., 2008; 

Pantazopoulos et al., 2010).  This study examines the effect of the loss of VIP on rhythms and 

function of the heart.  In addition, we concurrently measure rhythms of body temperature and 

cage activity, which enables comparison of the effects of the loss of VIP on various 

physiological measurements.  
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Materials and Methods  

Experimental Animals 

To study the effects of the loss of VIP on circadian rhythms of HR, body temperature, 

and cage activity, we utilized adult male C57BL/6J mice lacking the genes encoding for VIP and 

PHI (VIP-/-).  As controls, littermate or age-matched mice from other litters were used.  All 

animal experimentations were conducted in accordance to the recommendations and guidelines 

of the UCLA Division of Laboratory Animals and the National Institutes of Health. 

Mice were placed in a cage in the absence of a running wheel.  Under light/dark (LD) 

conditions, Zeitgeber (ZT) 0 is defined as the time of lights on and ZT 12 as the time of lights 

off.  Under constant darkness (DD), Circadian Time (CT) 12 is defined as the onset of increased 

activity (point of half-maximal rise) in heart rate (HR), body temperature or cage activity.  In 

VIP-deficient mice, we often find circadian arrhythmicity of HR and cage activity, but 

concurrently detect rhythms in body temperature in the same animal.  In order to produce group 

mean waveforms and analyze subjective day/night differences in these cases, we utilized the 

onset of body temperature to define CT 12 for HR and cage activity. 

 

Telemetry Measurements 

WT and VIP-deficient mice (3-4 mo) were surgically implanted with a wireless 

radiofrequency transmitter (ETA-F20, Data Sciences International, St. Paul, MN).  Mice were 

housed in individual cages in the absence of a running wheel.  Cages were placed atop telemetry 

receivers (Data Sciences International) in a light and temperature-controlled chamber.  Standard 

rodent chow was provided ad libitum.  Data collection began 2 weeks post-surgery, to allow 

mice to recover in the 12:12 LD cycle. We recorded 20 sec of ECG and measured average body 
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temperature and cage activity every 10 min for approximately 15 days.  Lights were then turned 

off and measurements continued in DD for another 15-20 days.  HR is extrapolated from ECG 

waveforms using the RR interval.  Upon completion of LD and DD recordings, the mice (5-6 mo 

old) were used for the light exposure and exercise experiments described below. 

 

ECG and Circadian Analysis 

A 20 sec ECG recording every hour was used to calculate ECG intervals (RR, PR, QRS, 

QT and QTc) using Ponemah Analysis Software (Data Sciences International) at timepoints ZT 

2-4 and ZT 14-16 (LD conditions).  Heart Rate Variability (HRV) in the time-domain (standard 

deviation of all normal R-R intervals, SDNN) was calculated using the Data Science 

International Analysis software.  Circadian rhythms of HR, body temperature and cage activity 

were analyzed by periodogram analysis combined with a χ2 test (El Temps software, Barcelona 

Spain). The strongest amplitude (=power) of periodicities (within 20 and 31 hr limits) was 

compared between WT and VIP-deficient mice. The amplitude of the χ2 test determines the 

period of a rhythm and its robustness. 

 

Acute effects of Light 

In order to examine the acute, photic regulation of HR, we adapted a protocol previously 

described in rats (Scheer et al., 2001).  Six days of 8-hr HR recording from ZT 13 to 20 were 

averaged and served as control.  On the seventh day, mice were exposed to light starting at ZT14 

and then returned to dark conditions at ZT 15.  Recording continued until HR returned to 

baseline levels. During this experiment, ECG, body temperature and cage activity data were 

recorded every min.  
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Acute effects of Exercise 

Baseline HR was recorded for 20 min prior to forced exercise.  Mice were placed on a 

motorized running wheel (Rota Rod, Ugo Basile Comerio, Italy) for 20 min at a constant speed 

of approximately 4 meters/min. Recording continued for 20 min after exercise.  Forced exercise 

was administered at ZT 2 and ZT 14 and an infrared viewer (FJW Industries, Ohio, USA) was 

used to visualize the mice during the dark. Data were recorded continuously. 

 

Echocardiography and Heart Size 

Middle aged (12 mo) WT and VIP-deficient mice were subject to functional analysis 

using two-dimensional, M-mode echocardiography and spectral Doppler images acquired by a 

Siemens Acuson Sequoia C256 equipped with a 15L8 15MHz probe (Siemens Medical 

Solutions, Mountain View, CA).  Mice were lightly anesthetized with 1% isoflurane and HRs 

were maintained between 450 and 600 during the procedure.  Parameters measured include: 

Ventricular Septic Thickness (VST), End Diastolic Diameter (EDD), Posterior Wall Thickness 

(PWT), End Systolic Diameter (ESD), Aortic Ejection Time (Ao-ET), Left Ventricular percent 

Fractional Shortening (LV%FS), Left Ventricular Ejection Fraction (LvEF), Left Ventricular 

Mass (LVmass), and Early Diastole/Atrial contraction ratio (E/A).  Heart weights and Tibia 

lengths were measured from middle aged mice (12 mo) perfused with PFA. 

 

Real-Time PCR of Clock Genes 

RNA extraction and Real-Time PCR were carried out as previously described  (Loh et 

al., 2008).  Briefly, RNA was extracted from heart tissue of young mice (3-6 mo) using the 

Trizol (Invitrogen) procedure and treated with DNase (Turbo DNA-free, Ambion Austin TX).  
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cDNA was produced from 1ug of total mRNA (High Capacity cDNA Reverse Transcription Kit, 

Applied Biosystems, Foster City CA) and an equivalent of 50 ng of starting total RNA was used 

for real-time PCR using SyBr Green (SYBR Green PCR Master Mix, Applied Biosystems 

Austin, TX). Oligonucleotide primer sequences used were Per2-sense: 5’-

GGGCATTACCTCCGAGTATA -3’ and Per2-antisense: 5’-GGCCACTTGGTTAGAGATGTA 

-3’; Bmal1-sense: 5’- CTCAACCATCAGCGACTTCA -3’; and Bmal1-antisense: 5’-

CTGCCTTTCCTCTTGCGATT -3’; Gapdh-sense: 5'- GGCCTTCCGTGTTCCTAC -3' and 

Gapdh-anti-sense: 5'- TGTCATCATACTTGGCAGGTT -3’.  Primers for Per2 were designed 

using Oligo6 (Molecular Biology Insights, Cascade CO) and Mfold programs (Zuker, 2003) to 

cross intron-exon boundaries and prevent contaminants in the subsequent RT-PCR.  The relative 

levels of Per2, and Bmal1 transcripts were determined using the 2-∆∆Ct method, using Gapdh as 

the normalizing reference gene. We sampled mRNA at ZT 2, 6, 10, 14, 18 and 22, so only large 

phase differences could be detected. The time of peak expression was determined for each gene 

and compared between WT and VIP-deficient mice.   

 

Statistics 

Genotypic comparisons were analyzed using a Student’s t-Test while, day/night 

comparisons were analyzed using a paired Student’s t-Test. We used the Student’s t-Test to 

compare the onset of HR, body temperature, cage activity between WT and VIP-deficient mice. 

We also used the Student’s t-Test to compare maximum HR during forced exercise, HR 

responses to light exposure between WT and VIP-deficient mice, echocardiogram parameters, 

and Heart Weight/Tibia Length ratios.  To analyze the clock gene expression, we used a one-way 

ANOVA statistical test. Data were tested for normal distribution and variance, but in cases where 
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the data did not pass these tests, we used non-parametric statistical tests (ex. Wilcoxon-Signed 

Rank Test or Mann-Whitney Rank Sum Test) to determine significance.  Statistical analyses 

were performed using Sigma Stat 3.5 software (San Jose, CA).  We report the appropriate t, Z, F 

or H statistics and include the degrees of freedom for each analysis. 

 

 

Figure 3-1: In vivo ECG recordings from freely behaving mice. A: representative examples of ECG 
tracings from wild-type (WT; top) and VIP-deficient (bottom) mice at Zeitgeber (ZT) 2 and ZT 14. B: 
magnified example of an ECG tracing labeled with features and intervals of the waveform. 
 

Results 

Analysis of ECG Features 

Surgical implantation of a telemetric device into the abdomen allows for continuous 

recording of ECG waveforms (Fig. 3-1A), body temperature and cage activity in freely-moving 

WT and VIP-deficient mice.  We compared and analyzed a number of ECG features (RR, PR, 

QRS, QT, QTc intervals; Fig. 3-1B) between WT and VIP-deficient mice under LD conditions 

to detect any day/night and genotypic differences (Table 3-1).  WT mice displayed significant 

day/night differences in the RR (Z5=2.20, P= 0.031), PR (Z5=2.20, P= 0.031) and QRS (t5=3.05 

P=0.029) intervals while, VIP-deficient mice showed differences only in the PR interval 
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(t4=3.67, P=0.021).  A significant elongation of the QTc interval during the day period (t9= 2.37, 

P=0.042) was detected in VIP-deficient mice compared to WT mice.  These results indicate 

disruption in the diurnal regulation of HR and a number of ECG intervals in VIP-deficient mice.  

Furthermore, the significant elongation of the QTc interval during the light phase in VIP-

deficient mice suggests changes in the regulation of electrical activity, particularly in the 

repolarization of the heart. 

 

Table 3-1:  Average duration of ECG features (RR, PR, QRS, QT, and QTc intervals) in WT and VIP-
deficient mice under LD condition. Values are means ±  SE; n = 6 wild-type (WT) mice and 5 VIP-deficient 
mice. ECG intervals at two time points, day [Zeitgeber (ZT) 2–4] and night (ZT 14–16) were calculated and 
averaged over 8 days. *Significant difference in intervals between day and night (P < 0.05), as analyzed by 
a paired Student’s t-test; †significant difference in intervals between WT and VIPdeficient mice (P < 0.05), 
as analyzed by an unpaired Student’s t-test. 
 

Circadian Analysis of HR, Body Temperature and Cage Activity 

    In order to examine the circadian component of HR, body temperature and cage activity 

of individual animals, we plotted the raw data to produce graphs similar to an actogram (Fig. 3-2 

A-C).  The raw data was subjected to periodogram analysis (Table 3-2) and the resulting 

amplitude was used as an index of rhythm strength.  To examine rhythms at a population level, 

we produced group mean waveforms under LD and DD conditions (Fig. 3-2 D-F) and compared 

average values between the day or subjective day (ZT or CT 0-11) and the night or subjective 
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night (ZT or CT 12-23).  Under LD conditions, WT mice exhibited robust daily rhythms of HR, 

body temperature and cage activity (Table 3-2) that were synchronized to the LD cycle.  The 

onset of these measurements occurred minutes after lights off (ZT 12): HR onset 11.5 ± 20 min; 

body temperature onset 27 ± 17 min; cage activity onset 23.9 ± 12 min (Fig. 3-2 D-F).  

Significant day/night differences in HR (t6=-11.54, P<0.001), body temperature (t6=-8.693, 

P<0.001) and cage activity (t6=-5.238; P=0.002) were detected (Table 3-3). When WT mice 

were placed in DD, circadian rhythms of HR, body temperature, and cage activity remained 

robust with a free-running period of 23.7 ± 0.1 hrs (Fig. 3-2, Table 3-2).  Subjective day/night 

differences in average HR (t6=9.085, P<0.001), body temperature (t6=-19.684, P<0.001) and 

cage activity (t6=-5.588, P<0.001) remained significant (Table 3-3). 

 

Table 3-2: Periodogram analysis using 10 days of HR, body temperature, and cage activity data. Values 
are means ± SE. LD, light-dark; DD, constant darkness; HR, heart rate. Peak amplitudes ( % power) 
were compared between WT (n =7) and VIP-deficient mice (n =8) under LD and DD conditions. 
Genotypic comparisons were analyzed by Student’s t-test (*P < 0.05) 

 

VIP-deficient mice displayed weak diurnal rhythms in HR, body temperature and cage 

activity (Table 3-2).  The onset of all three physiological measurements were significantly 

advanced in VIP-deficient mice compared to WTs (HR: -215 ± 71.8 min, T=56.6, P=0.035; body 

temperature: -244 ± 50.6 min, t12=7.165, P<0.001; cage activity: -194 ± 51.8 min T=69.06, 

P<0.001) indicating an advanced phase angle of entrainment (Fig. 2D-F).  Day/night differences 

in cage activity (Z7=2.521, P=0.008) were significant in VIP-deficient mice but no differences 
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were detected for HR (t7=2.325; P=0.058) and body temperature (t7=1.497, P=0.18).  Under DD 

conditions, HR was arrhythmic in all VIP-deficient mice tested (8/8 mice; Table 3-2). Rhythms 

in cage activity were detected in only 2/8 mice, and these rhythms were weak with a shortened 

free-running period (22.3 ± 0.17 hrs).  Most VIP-deficient mice maintained circadian rhythms in 

body temperature (7/8) but with shortened periodicity (22.7 ± 0.25 hrs).  In order to produce 

average waveforms of HR and activity despite the absence of a detectable rhythm in individual 

mice, we used the half-maximal rise of body temperature, which remained rhythmic in VIP-

deficient mice, to determine CT12 for HR and cage activity.  We detected significant subjective 

day/night differences in body temperature (t7=-6.693, P<0.001) and cage activity (t7=-3.636, 

P=0.008) but no difference was detected for HR (t7=-1.511, P=0.175; Table 3-3).  Under both 

LD and DD conditions, there were no significant differences in average HR, body temperature 

and cage activity between WT and VIP-deficient mice, except for a significant decrease of 

average cage activity in VIP-deficient mice under DD conditions (WT: 6.47 ± 0.73 a.u.,VIP-/-: 

3.75 ± 0.322 a.u., T=76, P=0.021).  These data indicate that the temporal patterning of HR, body 

temperature and cage activity is impacted in VIP-deficient mice. 

 

HR and Body Temperature rhythms during periods of no/low activity 

     While levels of motor activity and HR are closely coupled, previous work has 

attempted to separate these parameters by measuring HR during times of low activity (Scheer et 

al., 2001; Sheward et al., 2007).  We undertook a similar analysis and extracted HR and body 

temperature data during periods of low/or no activity (<1% of average activity).  In WT mice, 

there were still clear rhythms in HR and body temperature under both LD and DD conditions 

during times at which the mice were inactive (Sup. Fig. 3-1). In contrast, VIP-deficient mice 
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showed no day/night differences in HR under LD or DD conditions in the absence of activity.  

However, the rhythms in body temperature in the VIP-deficient mice persisted under these 

conditions.  This data indicates that, even if we factor out acute activity, we can still measure 

clear rhythms in body temperature but not HR in the VIP-deficient mice.  

 

Rhythms of HRV 

  HRV is an index of the balance of sympathovagal signals to the heart and measures the 

variability of the time between individual heartbeats (Massin et al., 2000).   We assessed the 

temporal patterning of neural signals to the heart by calculating HRV from WT and VIP-

deficient mice under LD and DD conditions (Fig. 3-3).  WT mice exhibited significant day/night 

differences in HRV under LD (WT: t6=3.60, P=0.01) and significant subjective day/night 

differences under DD conditions (t6=4.582, P=0.005).  VIP-deficient mice did not exhibit a 

day/night difference in HRV under LD conditions (t7=1.88, P=0.10).  Under DD conditions, 

there was no rhythm evident in the average waveform (Fig. 3-3B); however, if we used body 

temperature rhythm to define CT, we did find a low amplitude rhythm of HRV in VIP-deficient 

mice (Fig. 3-3D; t7=3.96, P=0.005).  HRV was higher during the subjective day compared to the 

subjective night in all of the VIP-deficient mice (Sup. Fig. 3-2) although the difference is small 

compared to WT mice.  The average HRV (measured over 24 hrs) did not vary between the 

genotypes so the autonomic system is still functioning but the temporal patterning is altered.  

These results suggest that circadian regulation of sympathovagal signals is dampened but not 

completely eliminated in VIP-deficient mice.   
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Figure 3-2: Daily pattern of heart rate [HR; in beats/min (bpm)], body temperature, and cage activity [in 
arbitrary units (AU)] in WT and VIP-deficient mice. Double-plotted raster plots of HR (A), body 
temperature (B), and cage activity (C) from WT (left) and VIPdeficient mice (right) were created. Mice 
were trained in 12:12 light-dark (LD) conditions and then placed in constant darkness (DD). Shaded 
regions indicated when mice were in the dark. Each horizontal row represents a 24-h period that was 
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plotted twice, and each day/row was plotted in succession. Ten days of HR, body temperature, and cage 
activity were averaged to produce group mean waveforms of HR (D), body temperature (E), and cage 
activity (F) for WT (n _ 7) and VIPdeficient (n _ 8) mice under LD (top) and DD (bottom) conditions. All 
of the WT mice showed strong diurnal and circadian rhythms of HR, body temperature, and cage activity 
(7 of 7 mice) under LD and DD conditions. VIP-deficient mice displayed dampened diurnal rhythms in 
HR (6 of 8 mice), body temperature (8 of 8 mice), and cage activity (7 of 8 mice) under LD conditions. 
Under DD conditions, VIP-deficient mice displayed a dampened circadian rhythm of body temperature (7 
of 8 mice) and cage activity (2 of 8 mice). VIP-deficient mice did not display a circadian rhythm of HR 
under DD conditions (0 of 8 mice), as assessed by periodogram analysis. 
 

 

Table 3-3: Day/night differences in HR, body temperature, and cage activity under LD and DD 
conditions. Values are means ±  SE; n = 7 WT mice and 8 VIP-deficient mice. Day/subjective day (ZT or 
CT 0–11) and night/subjective night (ZT or CT 12–23) values of HR, body temperature, and cage activity 
were averaged over 10 days and compared using a paired Student’s t-test (*P < 0.05). 
 

We also challenged the cardiovascular system to respond to an exercise protocol.  The 

HR of WT and VIP-deficient mice increased when mice were forced to run at two timepoints: 

ZT 2 and ZT 14 (Fig. 3-4C,D).  We compared the HRs of WT and VIP-deficient mice during 

exercise (20 min in duration) at both time points (WT ZT2: 751 ± 6 bpm, ZT 14: 790 ± 2 bpm; 

VIP-/- ZT2: 773 ± 2 bpm, ZT 14: 801 ± 2 bpm).  The VIP-deficient mice exhibited significantly 

higher HRs during exercise in both the light (t10= 2.43, P=0.036) and the dark (t10 = 3.40, 

P=0.007) when compared to WT mice. These data suggest that acute signaling to the heart is 

intact in VIP-deficient mice, although their response to exercise is larger than WT mice. 

 



 
 

100 

 

Figure 3-3: Daily pattern of HR variability (HRV) in WT and VIP-deficient mice. HRV was determined 
by calculating the variance of the time between individual beats, also known as the interbeat interval 
(IBI). Group mean waveforms of HRV using 10 days of data were produced for WT (n = 7) and VIP-
deficient (n = 8) mice under LD (A) and DD (B) conditions. WT mice displayed significant day/night 
differences under LD (C) and DD (D) conditions. No significant day/night differences were measured for 
VIP-deficient mice under LD conditions (C), but significance was detected under DD conditions (D). 
HRV was consistently decreased during the subjective night (S. night) compared with the subjective day 
(S. day) in both WT and VIPdeficient mice. These data were analyzed using a paired Student’s t-test (*P 
< 0.05). 
 
 
Cardiac Function and Morphology 

To determine whether the loss of VIP may have functional consequences on the heart, we 

performed echocardiograms on WT and VIP-deficient mice at 12 months of age.  Our results 

show no significant differences in any of the measurements by this assay between the various 

groups (Table 3-4) indicating that the hearts of VIP-deficient mice are functionally intact.  

Previous work suggests that the hearts of these mice exhibit hypertrophy (Said et al., 2007), 

therefore we calculated the heart weight/tibia length (HW/TL) ratio to provide an index for 

hypertrophy (Sup. Fig. 3-3A,B). We did not find significant differences in the HW/TL ratio 

between WT and VIP-deficient mice at this age. 
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Figure 3-4: Acute regulation of HR in WT and VIP-deficient mice. A: light exposure (1 h) administered at 
ZT 14 elicited a precipitous drop of HR in WT mice (n = 7). B: VIP-deficient mice (n = 6) responded to 
the light treatment, but at a rate that was significantly delayed (P < 0.001). Forced exercise triggered the 
significant increase of HR in WT (n = 5) and VIP-deficient (n = 5) mice at ZT 2 (C) and ZT 14 (D) time 
points. VIP-deficient mice exhibited an increase in HR that was larger than WT controls. Bars indicate 
the times of treatment. 

 

Table 3- 4: Echocardiogram analysis of young WT and VIP-deficient mice. Values are means ± SE; n = 7 
WT mice and 4 VIP-deficient mice. LV, left ventricular; E, early diastole contraction; A, atrial 
contraction. There were no significant differences between the genotypes. 
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Clock Gene Expression in the Heart 

Most peripheral tissues, including the heart, possess a molecular clock and display 

circadian rhythms in core clock gene expression.  To determine the condition of the molecular 

clock in the heart of VIP-deficient mice, we measured mRNA expression levels of the clock 

genes Per2 and Bmal1 under LD conditions at ZT 2, 6 10, 14, 18 and 22 (Fig. 3-5).  As 

measured by a one-way ANOVA, Per2 and Bmal1 were rhythmic in both WT (Per2: H5 =21.08, 

P<0.001; Bmal1: H5 =19.56, P=0.002) and VIP-deficient mice (Per2: H6 =21.54, P=0.001; 

Bmal1: H5 =18.43, P=0.002).  We also found a clear advance in the phase of peak expression of 

both genes (Per2 peak phase: WT ZT 13; VIP-/- ZT 6; t6=3.656 P=0.011; Bmal1 peak phase: 

WT ZT 1; VIP-/- ZT 20; T7=10.00 P=0.029) compared to WT controls.  These results indicate 

that the loss of VIP does not disrupt molecular rhythms in the heart but alters the phase of these 

rhythms under LD conditions.   

 

Figure 3-5: Expression profiles of clock genes period 2 (Per2) and Bmal1 in heart tissues of WT and 
VIP-deficient mice under LD conditions using RT-PCR techniques. Each time point shows mean results of 
3–4 hearts. A one-way ANOVA statistical test was used to determine whether there were significant 
differences in expression. Bars indicate differences in peak expression between WT and VIP-deficient 
mice; results were analyzed using Student’s t-test (*P < 0.05). 
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Discussion 

In this set of experiments, we used a telemetry system to measure the impact of the loss 

of VIP on daily and circadian rhythms in HR, body temperature, and cage activity in freely-

moving mice.  We found that the loss of VIP differentially disrupted these physiological and 

behavioral rhythms.  Most dramatically, VIP-deficient mice exhibited weak rhythms in HR under 

LD, which were completely lost under DD conditions, confirming a central role for VIP in the 

circadian regulation of HR.  Rhythms of cage activity in VIP-deficient mice were weak under 

LD conditions and most mice were arrhythmic in DD. In contrast, VIP-deficient mice exhibited 

daily rhythms in body temperature albeit with an altered phase compared to WT controls, and 

continued to display robust rhythms in body temperature under DD with a shortened free-

running period. The changes in profile and the reduction in the amplitude of the average 

waveform of physiological outputs may also be impacted by the imprecise onset of activity 

observed in VIP-deficient mice (Colwell et al., 2003).  All three peripheral outputs displayed 

onsets (half maximal rise) that were phase advanced under an LD cycle, which has also been 

described for feeding behavior and metabolism in VIP-deficient mice (Bechtold et al., 2008).   

This phase advance in onset under LD is absent when measuring activity using a running wheel 

(Colwell et al., 2003).  Furthermore, the wheel appears to improve rhythms in activity under DD 

conditions, raising the possibility that running on the wheel may be able to temporally organize 

activity rhythms in VIP-deficient mice (Colwell et al., 2003; Power et al., 2010).   Overall, it 

appears that the impact of the loss of VIP on circadian rhythms varies with the output being 

measured.  Within the SCN, the genetic loss of VIP or VPAC2R disrupts circadian rhythms in 

neural activity in the SCN population (Cutler et al., 2003; Brown et al., 2007), where the loss of 

VIP decreases the number of electrically rhythmic SCN neurons and appears to weaken the 
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coupling among the remaining rhythmic SCN neurons (Aton et al., 2005; Ciarleglio et al., 2009).  

Circadian regulation of peripheral tissues may be specialized at the level of the SCN, an idea that 

has been suggested by a number of studies (Kalsbeek et al., 2006b, 2006a).  In the case of VIP-

deficient mice, SCN neurons that regulate body temperature may be among those that do not 

require VIP to generate daily rhythms.  In contrast, arrhythmic physiological processes in VIP-

deficient mice, such as the regulation of plasma corticosterone levels (Loh et al., 2008) and HR, 

may have circuitry coupled to the arrhythmic SCN neurons.  Running on the wheel running may 

provide feedback to the SCN that aids in the coupling of individual neurons.  Models considering 

the role of VIP as a coupling molecule within the SCN (To et al., 2007; Vasalou & Henson, 

2010) will need to take into account the findings that not all outputs are arrhythmic in the VIP-

deficient mice.     

The telemetry system enabled us to record ECG waveforms from WT and VIP-deficient 

mice under LD conditions.  While most of the ECG parameters were not different between WT 

and VIP-deficient mice, there was a significant increase in the duration of the QTc interval in the 

VIP-deficient mice during the light phase.  A long QTc interval indicates a delay in the 

repolarization of the ventricle after contraction, which is a risk factor for ventricular arrhythmias 

and sudden death in humans (Priori et al., 2003; Sauer et al., 2007).   In most cases, long QT 

syndrome (LQTS) is caused by an ion channelopathy associated with loss-of-function mutations 

in genes encoding for repolarizing potassium channels or proteins that interact with these 

channels (Hedley et al., 2009). Expression levels of potassium channels have been shown to 

fluctuate depending on the time of day (Storch et al., 2002; Yamashita et al., 2003), and 

pharmacological administration of Nicroandil, a K+ channel opener, can selectively disrupt 

rhythms in HR, but not body temperature or cage activity (Gantenbein et al., 1998).  VIP 
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regulates potassium channels in a variety of tissues including the colon, coronary arteries and 

trachea (Shuttleworth et al., 1996; Thirstrup et al., 1997; Sawmiller et al., 2006).  Within the 

heart, VIP has effects on neuroexcitability of intracardiac neurons and can increase the rate and 

strength of contraction (Chang et al., 1994; Accili et al., 1996; Halimi et al., 1997).  Based on 

these data, a reasonable hypothesis is that the disruption of circadian rhythms in HR in VIP-

deficient mice may be in part due to the mis-regulation of potassium ion channel activity within 

the heart.   

Neurons in the SCN containing VIP are well positioned to drive the rhythms in cardiac 

output through the regulation of the ANS (Buijs et al., 2003; Kalsbeek et al., 2006b).  Previous 

anatomical studies have shown that VIP is expressed in SCN efferents projecting onto pre-

autonomic neurons of the PVN (Teclemariam-Mesbah et al., 1997) as well as in the 

parasympathetic postganglion neurons that innervate the heart (Halimi et al., 1997).  In order to 

assess the ANS and determine the effect of the loss of VIP, we examined HRV in WT and VIP-

deficient mice.  In WT mice, we found clear evidence for circadian regulation in HRV while this 

rhythmicity appeared to be lost in the VIP-deficient mice.  However, a closer inspection using 

the animal’s own rhythm in body temperature to mark phase indicated that a low amplitude 

rhythm in HRV persisted even in the absence of VIP. Furthermore, the acute autonomic 

regulation of HR is still functional in VIP-deficient mice as determined by their response to light 

exposure and exercise, although these responses are different compared to WT.  In rodents, the 

light-evoked decrease in HR is largely driven by an increase in parasympathetic tone (Scheer et 

al., 2001) while the exercise-evoked increase in HR is driven by sympathetic activity (Miller, 

2008).   In the present study, we found that the VIP-deficient mice were able to decrease their 

HR in response to light to the same level as WT albeit at a more sluggish rate.  The VIP-deficient 
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mice also showed a rapid exercise induced increase in HR that was even larger than WT 

controls. VIP’s localization in the parasympathetic neurons may result in some reduction in 

parasympathetic function in the mutant mice.  Overall, the HRV data as well as the ability of the 

mice to respond to environmental challenges suggest that the autonomic regulation of HR is 

altered but still functional in the absence of VIP.  

Interacting molecular feedback loops driving rhythmic transcription and translation of 

key clock genes such as Period and Bmal1 (Hastings et al., 2003) are at the core of the 

oscillatory mechanism. Several studies have now shown that cardiac tissue exhibits rhythmic 

expression of clock genes  (Oishi et al., 1998; Sakamoto & Ishida, 2000; Guo & Stein, 2003; 

Guo et al., 2005).  These molecular rhythms persist in isolated cardiomyocyte cultures, including 

persistent circadian oscillations in Per1-driven bioluminescence (Davidson et al., 2005; Durgan 

et al., 2005). These data are consistent with the conclusion that cardiovascular tissue contains 

molecular circadian oscillators that are independent from the SCN.  The function of such 

oscillations in the heart is unknown, but a reasonable assumption is that these molecular 

oscillations serve to gate information from the SCN to heart-specific rhythmic outputs. Micro-

array studies have found that hundreds of genes (~10-15% of total genome) oscillate in the heart 

(Storch et al., 2002; Martino et al., 2004; Rudic et al., 2005). These rhythmic genes code for 

proteins such as ion channels, neurotransmitter receptors, and proteins involved in calcium flux, 

which are likely to have substantial effects on function.  In LD conditions, we found robust 

rhythms in the expression of Per2, and Bmal1 genes within the heart of WT mice.  These genes 

were also rhythmic in VIP-deficient mice, but showed advancement in the phase of peak 

expression, which nicely parallels the advanced onset of HR, body temperature and cage activity 

under LD conditions.  The data demonstrate that the loss of VIP can alter, but not eliminate, the 
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daily rhythms in gene expression that underlie circadian oscillations in this peripheral organ.  

Prior work reported the loss of clock gene expression rhythms in the SCN of VPAC2R KO mice, 

yet these mice continue to display gene expression rhythms in peripheral tissues such as the heart 

and liver (Harmar et al., 2002; Sheward et al., 2007).  Given the present data demonstrating that 

clock gene expression are still rhythmic in the hearts of VIP-deficient mice, the impact of the 

loss of VIP on the central clock and other peripheral organs will need to be re-visited.       

Several recent studies have found evidence that disruption of the circadian system alone 

is sufficient to lead to the development of cardiovascular disease in circadian compromised 

animals (Penev et al., 1998; Martino et al., 2007, 2008; Bray et al., 2008).  Echocardiogram and 

heart weight to tibia length ratio data indicate that the hearts of the VIP-deficient mice are 

normal in size and function in a normal range despite the loss of rhythms in activity, HR, and 

corticosterone.  Perhaps the presence of rhythms in clock gene expression and body temperature 

in VIP-deficient mice protects the cardiovascular system in some way. More work on the inter-

relationships between VIP, disruption of circadian function and cardiac morphology are clearly 

needed.  We propose that the VIP- as well as the VPAC2R-deficient mice may provide important 

models to look at these relationships.  
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iii. Supplemental Data 
 
 

 
 
Supplemental Figure 3-1: Baseline HR and body temperature rhythms. HR (A,C) and 
body temperature (B, D) data from WT (n=5) and VIP-deficient mice (n=6) during 
periods of low/no activity (<1% of mean activity) were plotted to produce a group mean 
waveform under LD and DD conditions. Robustness of the rhythm in HR and body 
temperature is reduced in the absence of activity, however the profile of the rhythms 
remains unchanged. 
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Supplemental Figure 3-2: HRV of individual 
WT and VIP-deficient mice under LD and 
DD conditions. In order to show trends in HRV, 
we plotted the data of individual mice 
during the day or subjective day and night or 
subjective night. VIP-deficient mice 
showed a mixed trend in HRV when placed 
under LD (A), but HRV was consistently 
decreased in all WT and VIP-deficient mice in 
the subjective night compared to the 
subjective day (B). 
 

Supplemental Figure 3-3: Cardiac Size in 
WT and VIP-deficient mice. (A) 
Photomicrographs of hearts from young 
adult (2-4 mo) WT and VIP-deficient mice. 
(B) Heart Weight to Tibia length ratios 
(HW/TL) were measured in WT (n=6) and 
VIP-deficient mice (n=8) to determine heart 
dimension relative to body size. 
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CHAPTER 4 

i. Introduction 

 

 In the submitted manuscript entitled “Scheduled exercise alters diurnal rhythms of 

behaviour, physiology and gene expression in WT and Vasoactive Intestinal Peptide-deficient 

mice” by Schroeder et al., we used scheduled access to a running wheel to induce a level of 

exercise at different times and durations of the active/dark phase.  This manipulation altered the 

rhythms of cage activity, HR, body temperature as well as Per2:LUC expression in WT and VIP-

deficient mice.  Many of the diurnal deficits of VIP-deficient mice were rescued using late night 

wheel access suggesting that the scheduling of exercise could be used as a tool to temporally 

structure and organize diurnal rhythms. 
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ii. Scheduled exercise alters diurnal rhythms of behaviour, physiology and gene expression 

in WT and Vasoactive Intestinal Peptide-deficient mice. 

 

Abstract  

The circadian system coordinates the temporal patterning of behaviour and many underlying 

biological processes.  In some cases, the regulated outputs of the circadian system, such as 

activity, may be able to feedback to alter core clock processes.  In our studies, we used 4 wheel 

access conditions to manipulate the duration and timing of activity while under the influence of a 

light/dark cycle: no access, free access, early (ZT12-18) and late (ZT 18-24) night.  In WT mice, 

scheduled wheel access was able to increase cage activity levels inducing a level of exercise 

driven at various phases of the LD cycle.  Scheduled exercise also manipulated the magnitude 

and phasing of the circadian regulated outputs of heart rate and body temperature.  At a 

molecular level, the phasing and amplitude of PER2:LUC expression rhythms in the SCN and 

peripheral tissues of Per2:luc knockin mice were altered by scheduled exercise.  We then tested 

whether scheduled wheel access could improve deficits observed in VIP-deficient mice under an 

LD cycle.  We found that scheduled wheel access during the late night improved many of the 

behavioural, physiological and molecular deficits previously described in VIP-deficient mice.  

Our results raise the possibility that scheduled exercise could be used as a tool to modulate daily 

rhythms and when applied may counter-act some of the negative impacts of ageing and disease 

on the circadian system.     
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Introduction 

The endogenous circadian system drives coordinated rhythms of behaviour, physiology 

and gene expression and responds to a variety of external cues in order to synchronize to the 

changing environment.  Photic input is the primary driver that resets the circadian clock by 

directly modulating the function of the central oscillator located in the hypothalamus, called the 

Suprachiasmatic Nucleus (SCN; (Reppert & Weaver, 2002)).   Light can alter the molecular 

feedback loop found in the individual neurons of the SCN, by shifting the timing of expression 

of its clock gene components (i.e. Period, Cryptochrome, Bmal1; (Yamazaki et al., 2000; 

Davidson et al., 2008)).   The SCN, through neural, humoral and paracrine mechanisms, drives 

the molecular clock and rhythms of individual cells in various peripheral tissues that enable the 

coordination of biological processes (Kalsbeek et al., 2006; Dibner et al., 2010).  In addition to 

light, the circadian system is responsive to changes in its environment, resources and condition.  

Activity for example, is a behavioural output regulated by the circadian system and at altered 

intensities or timing, can feedback and modulate circadian regulation of outputs (Yamada et al., 

1988; Reebs & Mrosovsky, 1989; Edgar & Dement, 1991; Mrosovsky, 1996).   

In rodents, the effects of stimulated activity induced by wheel access on the circadian 

system have been demonstrated by a variety of studies.  The phase of the circadian system shifts 

in response to wheel access administered at certain times of the day (Reebs & Mrosovsky, 1989; 

Van Reeth et al., 1994; Buxton et al., 1997, 2003).  Wheel access scheduled at 24 hour (hr) 

intervals under constant dark conditions synchronized rhythms of WT mice (Edgar & Dement, 

1991) and helped improve behavioural rhythms in circadian compromised mouse models (Power 

et al., 2010).  Furthermore, reentrainment to a shifted LD (light/dark) cycle can be accelerated or 

delayed depending on whether wheel access is allowed in-phase or out-of-phase of the new LD 
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cycle, respectively (Mrosovsky & Salmon, 1987; Dallmann & Mrosovsky, 2006; Castillo et al., 

2011).  Activity during the subjective day has also been shown to acutely decrease the expression 

of clock genes (period1 and period2) in the SCN (Maywood et al., 1999; Yannielli et al., 2002), 

indicating an effect of activity on the central pacemaker.  Furthermore, recent in vivo studies 

have described close correlations between the firing rate of neurons in the SCN and the level of 

behavioural activity, supporting a direct interaction between the two processes (Schaap & 

Meijer, 2001; Houben et al., 2009).  

In our studies, we measured rhythms of behaviour, physiology and gene expression in 

wild type (WT) mice subject to wheel access conditions that manipulate the timing and duration 

of activity, under a 12:12hr LD cycle.  We first examined the effects of free wheel access on 

activity and then restricted the opportunity to run, by providing scheduled wheel access during 

the first or second half of the dark phase.  Scheduled wheel access better reflects the limited time 

humans spend active or exercising.  Furthermore, examining the effects of wheel access under an 

LD cycle takes into account interactions of photic and nonphotic input, conditions in which the 

circadian system has evolved.  We also measured the ability of the wheel access conditions to 

reorganize daily rhythms of heart rate (HR), body temperature and gene expression.  Lastly, to 

test whether activity alters or rescues a disrupted circadian system, we extended our studies and 

examined the effects of wheel access on VIP-deficient mice, a model that exhibits circadian 

deficits. 
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Materials and Methods 

Ethical Approval and Experimental Animals 

All experimentations were conducted under the recommendations and guidelines of the 

UCLA Division of Laboratory Animals and the National Institutes of Health. We examined the 

effects of wheel access in male mice homozygous for the PER2::LUC fusion gene (Yoo et al., 

2004), crossed into the Vip-/- line on a C57BL/6J background.  As controls, age-matched 

Vip+/+; Per2::Luc littermates were used.   

 

Telemetry Measurements 

WT (n=7) and VIP-deficient mice (n=7; 4-5 months) were anaesthetized with isoflurane 

and surgically implanted with a wireless radiofrequency transmitter (ETA-F20, Data Sciences 

International, St. Paul, MN USA) and housed in individual cages.  These cages contained 

running wheels equipped with an automated wheel-locking device that prohibit/allow wheel 

running at specified times of the day without human stimulation or arousal.  Cages were placed 

atop telemetry receivers (Data Sciences International) in a light and temperature-controlled 

chamber where mice were provided standard rodent chow ad libitum.  Data collection began 2 

weeks post-surgery, to allow mice to recover in the 12:12 LD cycle. Throughout the experiment, 

we recorded 20 seconds of the ECG waveform every 10 minutes, which was used to extrapolate 

heart rate (HR; beats per minute, bpm) using the RR interval.  Average body temperature 

(ºCelcius, ºC) and cage activity (arbitrary units, a.u.) were measured every 10 minutes. 

Under a 12:12 LD cycle, 4 WT and 3 VIP-deficient mice were subject to no wheel 

access, free wheel access, followed by wheel access between Zeitgeber (ZT) 12-18 and 18-24.  

ZT 0 is defined as lights on.  For the remaining mice (3 WT and 4 VIP-deficient mice) the order 
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of the conditions were altered (no access, free access, ZT 18-24, ZT 12-18) to minimize any 

order effects of scheduled wheel access.  Each mouse was subject to all of the wheel access 

conditions and remained in each condition for a minimum of 16 days.  

 

Behavioural Analysis 

We produced average waveforms by binning 3hr averages of HR, body temperature and 

cage activity and aligned 10 consecutive days of data using the time of lights.  Rhythms of HR, 

body temperature and cage activity were analyzed by periodogram analysis combined with a χ2 

test (El Temps software, Barcelona Spain) using the strongest amplitude (=power) of 

periodicities (within 20 and 31hr limits) to reflect the robustness of the rhythm.  We used 

ClockLab software to calculate the acrophase of daily rhythms, which is the phase in the cycle 

during which the cycle peaks.  Data from the last 10 days in each condition were used for all 

analyses. 

 

Bioluminescence 

WT and VIP-deficient mice (4-6months; n=6-9) were subject to each of the wheel access 

conditions for at least two weeks before they were deeply anesthetized with isoflurane and 

sacrificed for bioluminescence recording using a photomultiplier tube photodetector 

(Actimetrics, Wilmette, IL USA).  For these studies, wheels were locked manually.  Our culture 

conditions are as described in Yamazaki and Takahashi (2005) and dissections are detailed in 

Loh et al. (2011).  Briefly, mice were sacrificed between ZT 10-12 and the SCN, liver, heart and 

adrenals were dissected and placed on Millicell membranes (0.4 um, PICMORG50, Millipore, 

Bedford, MA USA) in 35-mm dishes with 1.2 mL of recording media containing 0.1mM 
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luciferin (sodium salt monohydrate, Biosynth Staad, Switzerland).  Heart explants were taken 

from atrial tissue using a single cut with a sterile scalpel.  The dishes were sealed using high 

vacuum grease (Dow Corning , Midland, MI USA) placed in the lumicycler maintained at 37°C.  

Bioluminescence was recorded for at least 7 days.  Using the Lumicycler analysis software 

(Actimetrics, Wilmette, IL USA), raw data were normalized by subtraction of the recorded 

baseline followed by the subtraction of the 24hr running average.  Peaks and troughs were 

identified to calculate amplitude, period and timing of PER2:LUC peaks. To calculate the timing 

of PER2:LUC peaks, we calculated the number of hours from ZT12 of dissection day, and 

compared the average timing of the peak that occurred between 36-60hr from the time of 

dissection. Period was calculated by averaging the time interval between 4 peaks, starting from 

the first peak that occurred after 36hr of recording. Amplitude was calculated by measuring the 

bioluminescence value at the peak of the waveform that occurred between 36-60hr and 

subtracted the bioluminescence value of the subsequent trough.  

 

Statistics 

For all analyses, we compared free access and scheduled access against no wheel access 

conditions, separately.  For within genotype analysis, we used a paired Student’s t-Test to 

compare average cage activity, HR and body temperature, as well as rhythmic power and 

acrophase between no access and free wheel access conditions.  We used a one-way repeated 

measures analysis of variance (ANOVA) to compare these same parameters between no access 

and the two scheduled wheel access conditions.  Average waveform comparisons between no 

access and free access conditions and between no access and scheduled access conditions were 

analyzed using a two-way repeated measures ANOVA.  Comparisons of period, amplitude and 
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timing of PER2:LUC peaks between no wheel and free wheel conditions were analyzed using a 

Student’s t-Test, while comparisons between no wheel and scheduled access were analyzed 

using a one-way ANOVA.   

For genotypic comparisons between WT and VIP-deficient mice, we used a two-way 

repeated measures ANOVA to compare the power and acrophase of cage activity, HR and body 

temperature between no access and free access or between no access and scheduled wheel 

access.  A two-way ANOVA was used to compare period, amplitude and timing of PER2:LUC 

peaks between genotypes.    

Statistical analyses were performed using Sigma Plot 10.0 software (San Jose, CA USA).  

All data were tested for normal distribution and variance, but in cases where the data did not pass 

these tests, we used non-parametric statistical tests (ex. Wilcoxon-Signed Rank Test or Mann-

Whitney Rank Sum Test) to determine significance.  Following ANOVA analysis, post hoc tests 

(Holm-Sidak or Student Newman Keuls Method) were used to identify significantly different 

groups. We report the appropriate t, Q, F or H statistics and included the degrees of freedom for 

each analysis.  We reported some of the post-hoc statistics for comparisons that were not 

significant. 

 

Results 

Cage activity in WT mice provided free access to the wheel. 

Using telemetry, we recorded cage activity in freely moving WT mice given either no 

access or free access to the running wheel (Fig. 4-1A).  Free access increased the 24hr averages 

of cage activity compared to conditions without access (t6= -4.22, P=0.006; Table 4-1).  In 

comparing the average waveforms of cage activity (Fig. 4-1B), we found that cage activity 
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increased selectively during the dark phase of the LD cycle (Table 4-2), demonstrating an 

induction of exercise during the normal active phase of WT mice. Lastly, the power of cage 

activity rhythms was improved with free access to the wheel (t6=-4.86, P=0.003, Fig. 4-1C), 

while acrophase was not altered (t6=2.053, P=0.086, Fig. 4-1D).   

 

 
 
Figure 4-1: Wheel access increased levels and altered rhythmic properties of cage activity in WT mice. 
(A) Double plotted raster plot using 10 consecutive days of cage activity recording from the same WT 
mouse subject to the four wheel-access conditions under a 12:12 LD cycle.  In this and other figures, 
each horizontal row represents a 24hr period plotted twice with each day/row plotted in succession. The 
LD cycle is specified by the white and black bars above each graph.  Shaded areas indicate when the 
wheel was available. The profile of cage activity rhythms is clearly altered by the various wheel access 
conditions.  (B) Group mean waveforms using 10 days of cage activity data from WT mice (n=7) subject 
to the various wheel access conditions.  Cage activity data were grouped into 3hr bins.  Cage activity 
levels increased when wheel access was available.  For statistical results, see Table 4- 2. (C) Increased 
power of cage activity rhythms in WT mice subject to wheel access conditions.  Power measurement was 
produced by periodogram analysis using 10 days of behavioral data. (D) Shifts in the acrophase of cage 
activity rhythms were induced by scheduled wheel access.  Early night access advanced while late night 
access delayed the acrophase of cage activity.  For this and the other figures: average acrophase from 10 
days of data were calculated using the ClockLab Software, average waveform comparisons were 
analyzed using a two-way repeated measures ANOVA, power and acrophase comparisons were analyzed 
using a one-way repeated-measures ANOVA. Error bars are SEM. (*=P<0.05). 
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Cage activity in WT mice provided scheduled access to the wheel. 

We shortened the duration of wheel access at two different phases of the LD cycle to test 

whether the limited opportunity for running would alter the levels and timing of cage activity in 

WT mice when compared to no access conditions.  Wheel access restricted to 6hrs a day 

scheduled either during the early night (ZT12-18) or the late night (ZT 18-24; Fig. 4-1A), did not 

change the 24hr averages of activity (Table 4-1).  However, we detected significant increases in 

cage activity that was dependent on the time of day (Fig. 4-1B, Table 4-2).  Compared to no 

access conditions, cage activity was significantly increased during the times of wheel 

availability.  The power of cage activity rhythms was significantly improved (F2,20=21.0, 

P<0.001) with access in the early night (t12=5.65, P<0.001) and late night (t12=5.57, P<0.001; 

Fig. 4-1C).  Lastly, scheduled wheel access shifted the acrophase of cage activity rhythms 

(F2,20=74.0, P<0.001).  Access in the early night advanced the acrophase (t12=7.27,P<0.001) 

whereas, access in the late night (t12=4.82, P<0.001) delayed the acrophase of activity (Fig. 4-

1D).  We demonstrate that scheduled wheel access altered levels of activity, improved cage 

activity rhythms and shifted its acrophase, indicating that manipulation of wheel access can 

induce exercise at specified times of the LD cycle. 

 

Effect of wheel access on HR and body temperature of WT mice. 

We recorded HR (Fig. 4-2A) and body temperature (Fig. 4-3A) from WT mice subject to 

the various exercise schedules to determine if other circadian-regulated physiological outputs 

were altered.  Compared to no wheel access conditions, 24hr averages of HR were increased 

with free access (t6=-3.66, P=0.011) as well as scheduled wheel access (F2,20=13.2, P<0.001), 

either during the early night (t12=4.31, P=0.001) or late night (t12=4.59, P<0.001; Table 4-1).  
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Free access increased HR at all timepoints of the day except between ZT 12-14 (Fig. 4-2B, 

Table 4-2).  Wheel access during the early night increased HR at all timepoints except for the 

few hours before lights off.  Late night access increased HR starting at ZT18, when the wheel 

was available and throughout most of the light phase up until ZT8.  Free access did not alter the 

power of HR rhythms, but scheduled wheel access (F2,20=4.41, P=0.037) during the early night 

(t12=2.79, P=0.017) significantly increased power (Fig. 4-2C).  The acrophase of HR rhythms 

was not shifted by free access, but scheduled access (F2,20=24.7, P<0.001) during the late night 

effectively delayed the acrophase (t12=5.77, P<0.001, Fig. 4-2D). 

 

Figure 4-2: Wheel access altered daily rhythms of HR in WT mice.  (A) Double plotted raster plot of HR 
using 10 consecutive days of HR recording from the same WT mouse subject to the four wheel-access 
conditions under a 12:12 LD cycle. (B) Group mean waveforms using 10 days of HR recordings from WT 
mice (n=7) subject to the various wheel access conditions.  HR data were grouped into 3hr bins.  HRs 
were increased at most timepoints of the LD cycle, including periods when the wheel was available.  For 
statistical results, see Table 4- 1.  (C) Increased power of HR rhythms in WT mice subject to early night 
wheel access.  Power measurement was produced by periodogram analysis using 10 days of HR data. (D) 
Late night access delayed the acrophase of HR rhythms of WT mice.   
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Average body temperatures of WT mice were decreased by free access (t6=3.15, P=0.02), 

as well as scheduled access (F2,20=7.43, P=0.008) in both early night (t12=3.12, P=0.009) and late 

night (t12=3.52, P=0.004) when compared to no wheel access (Table 4-1).  Free access decreased 

body temperatures during most of the light phase and increased body temperature during the first 

few hours of dark (Fig. 4-3B, Table 4-2).  Wheel access in the early night resulted in 

significantly higher temperatures at the time of wheel access and a decrease in temperature in the 

hours following the end of the wheel access period.  Access in the late night increased body 

temperature at the beginning of wheel access, and decreased body temperatures in the late part of 

the day and early night.  The power of body temperature rhythms was not changed with either 

free or scheduled wheel access (Fig. 4-3C).  Lastly, free wheel access did not change the 

acrophase of body temperature rhythms, but scheduled access (χ2
2=10.3, P=0.004) during the 

early night advanced the acrophase (q12=3.21, P<0.05), while access in the late night delayed the 

acrophase (q12=3.21, P<0.05, Fig. 4-3D).  

 

Effect of wheel access on PER2:LUC rhythms in the SCN and peripheral tissues of WT mice. 

In WT mice, manipulating the timing of wheel access altered properties of behaviour and 

physiology.  We wanted to explore whether wheel access would also change properties of the 

molecular clock by recording bioluminescence rhythms of SCN (Fig. 4-4A), heart, liver and 

adrenals from Per2:luc mice subject to the various wheel access conditions.   

 



 123 

 

Figure 4-3: Wheel access altered daily rhythms of body temperature in WT mice.  (A) Double plotted 
raster plot of body temperature using 10 consecutive days of temperature recording from the same WT 
mouse subject to the four wheel-access conditions under a 12:12 LD cycle. (B) Group mean waveforms 
using 10 days of temperature recordings from WT mice (n=7) subject to the various wheel access 
conditions. Temperature data were grouped into 3hr bins.  Wheel access increased temperature when 
wheel access was available, but also decreased temperatures at certain timepoints of their rest phase. For 
statistical results see Table 4- 2.  (C) Wheel access did not alter the power of body temperature rhythms 
in WT mice.  Power measurement was produced by periodogram analysis using 10 days of temperature 
data. (D) Wheel access altered the acrophase of body temperature rhythms.  Early night access advanced 
while late night access delayed the acrophase of body temperature.  Average acrophase from 10 days of 
data were calculated using the ClockLab Software.   
 

We first examined the effect of wheel access on the timing of PER2:LUC peaks, which 

would reflect the phasing of gene expression in the various tissues.  In the adrenals (t14=-2.97, 

P=0.01) and livers (t14=-2.17, P=0.047) of WT mice, free access delayed the timing of 

PER2:LUC peaks (Fig. 4-4B).  Scheduled wheel access also had a significant effect on the 

timing of PER2:LUC in both the liver (F2,23=8.05, P=0.003) and adrenals (F2,23=6.73, P=0.006).  

In the liver, early night (t14=3.54, P=0.002) and late night access (t14=3.41, P=0.003) delayed the 

timing of peaks, whereas in the adrenals only early night access (t14=3.61, P= 0.002) caused a 
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significant delay.  In the heart, free access (t13=-1.34, P=0.20) and scheduled wheel access 

(F3,31=2,23, P=0.092) had no significant effect on timing (Fig. 4-4B). In the SCN, the average 

timing of PER2:LUC peaks were not significantly different between mice subject to the various 

wheel conditions (free access: T=76, P=0.44; scheduled access: F2,23=0.60, P=0.56), however the 

range of peak times was increased when allowed any amount of running (no access 2.48 hr, free 

access: 7.28 hr; early night: 9.0 hr; late night: 6.0 hr; Fig. 4-4C). 

 

Figure 4-4: Wheel access effects on PER2:LUC rhythms in the SCN and peripheral tissues of WT mice.  
(A) Example bioluminescence waveforms from the SCN of WT mice subject to wheel access conditions. 
(B) Average timing of PER2:LUC peaks in the peripheral tissues of WT mice.  Significant delays in timing 
were detected in the adrenals and livers. (C) Average timing of PER2:LUC peaks in the SCN of WT mice 
(larger symbols with error bars) did not significantly differ between wheel access groups, however when 
examining individual samples (smaller grey circles), the variability of the timing was increased when 
mice were provided any form of wheel access.  The x-axis represents the number of hours after ZT12 of 
culture day. (D) Effects of wheel access on the amplitude of PER2:LUC rhythms in the SCN of WT mice, 
where early night wheel access significantly dampened the amplitude of PER2:LUC rhythms compared to 
no access conditions.  Average PER2:LUC timing and amplitude were analyzed using a one-way 
ANOVA. For statistical results see text. Error bars are SEM. (*=P<0.05). 
 

We next examined the effect of wheel access on the period of PER2:LUC rhythms in the 

various tissues (Table 4-4).  Free access conditions lengthened the period of PER2:LUC in the 

SCN (t14=-2.22, P=0.04) as well as in the heart (t12=-2.29, P=0.04), but there was no effect in the 
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liver or adrenals.   Early night (t14=4.79, P<0.001) and late night (t14= 3.07, P=0.006) wheel 

access lengthened the period of PER2:LUC bioluminescence in the adrenals (F2,23=11.8, 

P<0.001) but not in the SCN, heart or the liver.  

Lastly, we examined the effect of wheel access on the amplitude of PER2:LUC rhythms 

in the SCN and peripheral tissues. In the adrenals, free access had no effect but, scheduled wheel 

access (H2=12.35, P=0.002) during the early (q14=3.12, P<0.05) and late night (q14=4.95, 

P<0.05) increased the amplitude of rhythms (Table 4-5).  We did not find a significant change in 

amplitude in any of the other tissues.  In the SCN, free access did not change the amplitude of 

PER2:LUC rhythms compared to no access (Fig. 4-4D).  Scheduled wheel access on the other 

hand, had a significant effect on SCN PER2:LUC amplitude (H2=9.3, P=0.01), whereby wheel 

access in the early night (Q13=2.73, P<0.05) decreased amplitude. 

In summary, wheel access delayed the timing of PER2:LUC rhythms in some of the 

peripheral tissues and produces a variable effect on the timing in the SCN of WT mice.  There 

are also effects on amplitude and period in the SCN and some peripheral tissues. 

 

Late night access rescues circadian parameters of behaviour, physiology and gene expression in 

VIP-deficient mice. 

We subjected VIP-deficient mice to the four wheel access conditions (Fig. 4-5A) to 

explore whether we could alter or rescue circadian parameters, which are disrupted in these mice.  

Consistent with previous reports, VIP-deficient mice without wheel access displayed an 

advanced acrophase in cage activity (t12=7.21; P<0.001; Fig.5C), HR (t12=3.38, P=0.002; Fig. 4-

5D) and body temperature (t12=9.22, P<0.001, Fig. 4-5E) as well as lower power of HR 

(t12=3.93, P=0.001;Fig. 4-2C vs. Supp. Fig. 4-1B) and body temperature rhythms (t12=3.41, 
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P=0.002; Fig. 4-3C vs. Supp. Fig. 4-1C) when compared to WT controls (Table 6; Schroeder et 

al., 2011).  At a molecular level, we previously reported that the timing of PER2:LUC peaks was 

advanced in the heart (t14=2.28, P=0.03) and adrenals (t14=2.14, P=0.041) with a measured trend 

in the liver (t14=1.89, P=0.069; Supp. Fig. 4-2A; Table 4- 7; Loh et al., 2011).  In the SCN, 

there were no significant differences in the timing of PER2:LUC peaks between genotypes 

(Suppl. Fig. 4-2B), but the amplitude of the rhythm was significantly dampened in VIP-deficient 

mice (t14=3.37, P=0.002; Fig. 4-6A,B; Table 4- 7).  

 

Figure 4-5: Wheel access altered daily rhythmic properties of cage activity, HR and body temperature in 
VIP-deficient mice. (A) Double plotted raster plot using 10 consecutive days of cage activity from the 
same VIP-deficient mouse subject to the four wheel-access conditions under a 12:12 LD cycle.  The 
profile of cage activity rhythms is altered by wheel access.  (B) Group mean waveforms using 10 days of 
cage activity data from VIP-deficient mice (n=7) subject to the various wheel access conditions.  Cage 
activity data were grouped into 3hr bins.  Wheel access increased cage activity levels at certain 
timepoints of the LD cycle including periods when wheel access was provided. For statistical results see 
Table 4- 3. Late night wheel access delayed and rescued the acrophase of cage activity (C) and HR (D) in 
VIP-deficient mice.  Body temperature acrophase was also delayed but only partially rescued (E; see text 
and Table 4- 5).  ∆ represent WT acrophase subject to no access while X’s represent WT acrophase 
subject to late night access.   
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When VIP-deficient mice were provided free wheel access, 24hr average cage activity 

significantly increased (t6=-3.827, P=0.009; Table 4- 1), the power of cage activity rhythm was 

improved (t6=-3.97, P=0.007; Supp. Fig. 4-1A) and the daily profile of cage activity was altered 

(Fig. 4-5A,B; Table 4-3). Scheduled wheel access did not change 24hr average activity in VIP-

deficient mice (Table 4-1), however, we did find alterations in cage activity levels dependent on 

the time of day (Fig.5 A,B; Table 4-3).  Only late night wheel access was able to delay the 

acrophase of cage activity (χ2
2:11.1, P=0.001; q12=4.54, P<0.05), effectively rescuing the 

advanced acrophase when compared to WT mice (Fig. 4-5C).  Scheduled wheel access improved 

the power of cage activity rhythms (χ2
2=8.86, P=0.008) in the early night (q12=4.16, P<0.05) and 

late night (q12=3.74, P<0.05) in VIP-deficient mice, but the increase in power brought about by 

late night access was significantly decreased when compared to WT mice (t12=3.90, P<0.001; 

Fig.1C, Supp. Fig. 4-1A, Table 4- 6).  Overall, by scheduling wheel access in VIP-deficient 

mice, we increased levels of cage activity at certain phases of an LD cycle when wheel access 

was provided, improved the power of cage activity rhythms and rescued its timing by providing 

late night wheel access. 

We found that wheel access altered the profile of HR (Supp. Fig 3A,B) and body 

temperature rhythms (Supp. Fig. 4-4A,B) in VIP-deficient mice (Table 4- 3).  Similar to cage 

activity, late night wheel access delayed the acrophase of HR  (χ2
2=8.00, P=0.016; q12=3.806, 

P<0.05; Fig. 4-5D), and body temperature (F2,20=6.46, P=0.012; t12=3.24, P=0.007; Fig. 4-5E) 

in VIP-deficient mice, which eliminated the differences in acrophase of HR when compared to 

WT mice, while improving the relative phasing of body temperature (t12=3.12, P=0.004; Table 

4- 6).  The acrophase resulting from free wheel access remained advanced in VIP-deficient mice 

(cage activity: t12=2.58, P=0.013; HR: t12=5.28,P<0.001; body temperature: t12=8.08, P<0.001), 
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whereas early night running eliminated differences between genotypes because WT mice 

advanced their acrophase (Table 4-6).  

 

 Figure 4-6: Wheel access effects on amplitude of PER2:LUC rhythms in the SCN of VIP-deficient mice.  
(A) Example bioluminescence waveforms from VIP-deficient mice subject to the wheel access conditions. 
(B) Effects of wheel access on the amplitude of PER2:LUC rhythms in the SCN of VIP-deficient mice, 
where late night wheel access significantly improved the amplitude of PER2:LUC rhythms such that the 
amplitude was no longer significantly different when compared to WT mice (see text and Table 4- 7).  
Dashed lines represent WT levels.  Average PER2:LUC amplitude was analyzed using a one-way 
ANOVA. Genotypic comparisons were analyzed using a two-way ANOVA. Error bars are SEM. 
(*=P<0.05). 
 

 

At a molecular level, free (T=46, P=0.024) and scheduled wheel access (H2=8.21, 

P=0.017; early night: q14=4.05, P<0.05; late night: q14=2.90, P<0.05), significantly delayed the 

timing of PER2:LUC peaks in the heart, such that the differences in phasing between WT and 

VIP-deficient mice were eliminated (Supp Fig. 4-2A, Table 4-7).  In the liver, we did not detect 

changes in the timing of peaks in VIP-deficient mice subject to either free or scheduled wheel 

access (Supp. Fig. 4-2A).  When compared to WT, PER2:LUC timing in the livers of VIP-

deficient mice was different under free access (t14=2.76, P=0.01), but no differences were 

detected when subject to scheduled wheel access (Table 4-7).  In the adrenals, only free access 

delayed PER2:LUC peaks (t15=3.32, P=0.005) eliminating genotypic differences in timing, but 

PER2:LUC phasing remained advanced in VIP-deficient mice subject to scheduled access (early 

night: t14=4.12, P<0.001; late night t14=2.80, P=0.008; Supp. Fig. 4-4A; Table 4-7). We also 
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detected some changes in period (Table 4-4) and amplitude (Table 4-5) of PER2:LUC rhythms 

in peripheral tissues of VIP-deficient mice as a result of wheel access (Table 4-7).   

In the SCN, free and scheduled access did not change the average timing of PER2:LUC 

peaks in VIP-deficient mice (Supp. Fig. 4-2B), and no differences were detected between 

genotypes (Table 4-7).  However, there was an increase in the range of timing of PER2:LUC 

peaks in mice subject to early night access (no access 5.5 hrs; early night: 19.2 hrs).  Lastly, the 

amplitude of PER2:LUC rhythms in the SCN of VIP-deficient mice was increased when mice 

were subject to late night access (q14=4.15, P<0.05; Fig. 4-6B), which eliminated the differences 

between genotypes and rescued the amplitude in VIP-deficient mice (Table 4-7). 

 

Discussion 

The effects of stimulated activity on the circadian system have been previously studied, 

most under conditions of controlled constant environments or examining responses to single 

bouts of stimulated activity (Reebs & Mrosovsky, 1989; Edgar & Dement, 1991; Marchant & 

Mistlberger, 1996; Kas & Edgar, 2001; Maywood & Mrosovsky, 2001; Buxton et al., 2003; 

Canal & Piggins, 2006; Koletar et al., 2011).  However, most of life and the circadian pacemaker 

have evolved under the entrainment effects of daily LD cycles, raising the issue that circadian 

properties should be examined under the influence of an LD cycle as responses to environmental 

factors may differ when studied under constant conditions (Mrosovsky, 1996; Roenneberg et al., 

2010).  In our studies, we examined the ability of stimulated activity induced by wheel access to 

modify rhythms while entrained to an LD cycle.  We altered the duration and timing of wheel 

access for at least two weeks to drive wheel running activity at different phases within the dark 

period in WT mice and examined whether this scheduled wheel access could reorganize rhythms 
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in behaviour, physiology and gene expression.  Lastly, we subjected VIP-deficient mice to 

scheduled wheel access in an attempt to improve their abnormal entrainment to an LD cycle. 

  Our studies demonstrated that scheduled wheel access increased levels of cage 

activity, thereby inducing a level of exercise at specified times of the LD cycle in WT mice 

(Aufradet et al., 2012).   Consistent with previous studies, we found that free access to the 

running wheel under an LD cycle increased the levels of cage activity throughout the dark phase 

(Visser et al., 2005).  We also showed that scheduled wheel access restricted to 6 hrs during the 

early or late night, increased activity levels during the period of wheel availability, thereby 

advancing and delaying the acrophase of cage activity, respectively.  Alterations in the phasing 

of activity onset under an LD cycle were observed in hamsters aroused with a novel wheel at the 

end of the dark phase (Mistlberger, 1991).  This daily stimulation of activity is encoded within 

the circadian system whereby the effects on behaviour are sustained for many days after removal 

of the stimulus (SUGIMOTO et al., 1994; Reebs & St-Coeur, 1994; Mistlberger & Holmes, 

2000).  Furthermore, when animals entrained to various phases of stimulated activity are 

deprived of arousal and placed in constant conditions, the period of activity diverges suggesting 

that encoding of activity within the circadian system is dependent on its timing (Mistlberger, 

1991; Reebs & St-Coeur, 1994).   The observed modulation of circadian properties by stimulated 

activity under an LD cycle suggests that this manipulation could potentially drive and organize 

rhythms of other behavioural and physiological outputs regulated by the circadian system.    

 We were able to effectively induce exercise and alter the timing of cage activity relative 

to the LD cycle in WT mice, which subsequently altered the daily profile and timing of HR and 

body temperature rhythms (SUGIMOTO et al., 1994), two physiological outputs whose function 

is regulated by the circadian system (Abe et al., 1979; Warren et al., 1994).  Exercise during the 
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early night advanced the acrophase of body temperature rhythms, whereas late night exercise 

delayed the acrophase of both body temperature and HR rhythms.  Shifts in the timing of 

physiological rhythms may be driven by the metabolic cycles induced by scheduled exercise 

(Kohsaka et al., 2012).  Our results demonstrated that even under the strong entrainment effects 

of an LD cycle, scheduled exercise shifted the timing of physiological rhythms.  

In addition to the effects on physiology, scheduled exercise altered properties of the 

molecular clock in the SCN and peripheral tissues of WT mice, suggesting that daily exercise 

feeds back to the clock to modulate tissue and cell function and that the changes in behavioural 

and physiological rhythms are not merely acute responses.  Within the SCN, the average timing 

of PER2:LUC peaks were not significantly different between the four conditions, however rather 

than improving precision of rhythms among individual mice within a treatment group, the 

variability in the timing of PER2:LUC peaks was increased.  Parallel to previous studies, our 

data demonstrated that scheduled exercise even in an LD cycle altered molecular phasing in the 

SCN of WT mice (Maywood et al., 1999; Yannielli et al., 2002).  In addition to changes in 

phasing, we also detected a significant blunting of PER2:LUC amplitude caused by early night 

running, which could be a result of reduced PER2:LUC protein levels, a loss of synchrony 

among individual neurons or a combination of both.  This result was quite surprising, 

considering the robust rhythms of activity in mice subject to early night running.  Furthermore, 

mice subject to free access conditions that run during the first 6 hrs of dark, retain robust rhythms 

in PER2:LUC in the SCN.  Therefore, running late at night may be providing cues that maintain 

robust molecular rhythms.   

In peripheral tissues, wheel access delayed the timing of PER2:LUC in the liver and 

adrenals, but no significant effects were measured in the heart of WT mice.  We also detected a 
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boost in PER2:LUC amplitude in the adrenals of WT mice.  Changes in amplitude and timing of 

the molecular clock were also documented in zebrafish subject to exercise during the day (Egg et 

al., 2011).  The adrenals may be responding directly to the level of exercise (Otawa et al., 2007; 

Cagampang et al., 2011), whereas the molecular phasing in the liver shifts in response to changes 

in the timing of feeding, which may reorganize due to scheduled exercise (Hirao et al., 2010).  

Here, we demonstrated that scheduled wheel access altered molecular properties in the SCN and 

peripheral tissues under an LD cycle.  Studies of other nonphotic input such as feeding can 

uncouple the central and peripheral oscillators under an LD cycle, effectively altering the 

molecular clock in the peripheral tissues but leaving the SCN unaffected (Damiola et al., 2000; 

Honma & Honma, 2009).  Our studies demonstrated a clear effect of nonphotic manipulation on 

properties of the central oscillator in rhythmically robust mice suggesting that exercise mediated 

changes on daily rhythms involves alterations in SCN function.  Furthermore, this implies that 

exercise could be used as a tool to drive rhythms within the SCN even under the influence of an 

LD cycle. 

VIP is localized to a subset of neurons within the SCN and is thought to promote 

coupling among single cell oscillators to produce coherent output signals (Vosko et al., 2007).  

Under an LD cycle and without wheel access, the loss of VIP or its receptor (VIPR2) leads to 

reduced power of behaviour and physiological rhythms as well as an advancement in their onset 

(Bechtold et al., 2008; Sheward et al., 2010; Schroeder et al., 2011; Hannibal et al., 2011).  The 

phasing of the molecular clock in peripheral tissues parallels behaviour in VIP-deficient mice, 

such that Per2 mRNA or PER2:LUC protein peak a few hours before WT (Loh et al., 2011).  

Lastly, within the SCN, although the average phasing of PER2:LUC is not altered, the amplitude 

of rhythms is significantly depressed in VIP-deficient mice (Loh et al., 2011).  Scheduled wheel 
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access during the late night was able to rescue many of the observed deficits of VIP-deficient 

mice under an LD cycle.  Exercise in the late night increased cage activity levels and improved 

the power of its rhythm.  Late night exercise also delayed the acrophase of cage activity rhythms 

such that the phase was no longer different when compared to WT mice.  This manipulation was 

also able to significantly delay the acrophase of both HR and body temperature rhythms in VIP-

deficient mice, rescuing or improving the phase when compared to WT mice, respectively.  This 

manipulation, however, did not rescue the power of HR and body temperature rhythms.  At a 

molecular level, the average phasing of PER2:LUC peaks in the SCN were not different between 

genotypes.  Notably, late night wheel access increased the amplitude of PER2:LUC rhythms in 

the SCN of VIP-deficient mice to WT levels, suggesting an improvement of synchrony in the 

SCN despite the absence of VIP.  Lastly, wheel access at night delayed the timing of PER2:LUC 

in the heart and liver of VIP-deficient mice and were no longer advanced compared to WTs, 

which also improved the phase relationship of peripheral tissues with the SCN.  Overall, we 

demonstrated an improvement in several properties of diurnal rhythms in circadian compromised 

VIP-deficient mice.  These mice display deficits in the light response pathway, and therefore 

have poor entrainment under an LD cycle.   Exercise specifically in the late night may be altering 

SCN properties either by promoting better synchrony among neurons and/or delaying clock gene 

expression that optimizes the phase at which light hits the molecular clock enhancing 

entrainment to an LD cycle. 

Scheduled wheel access alters diurnal rhythms in WT and can improve diurnal rhythms 

in VIP-deficient mice.  Exercise itself has many beneficial effects on the body (Warburton et al., 

2006; Mercken et al., 2011), but our studies demonstrated that the timing of exercise is important 

in altering physiology as well as gene expression in various tissues.  Timed exercise could be 
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applied to humans and used as a tool to manipulate and or stabilize daily rhythms.  Coordinated 

timing of behaviour and physiology as well as their alignment to the LD cycle is important as 

misalignments are correlated with the development of disease (Navara & Nelson, 2007; Stevens, 

2009; Thorpy, 2011; Kivimäki et al., 2011).  Under conditions in which entrainment to the LD 

cycle is disrupted, whether a result of genetics, age or disease (Maywood et al., 2006; Takahashi 

et al., 2008; Colwell, 2011), timing of exercise could help shift rhythms to better realign with the 

external environment, which could potentially delay or prevent development of disease.   
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iii. Supplemental Data 

 

 

 
Supplemental Figure 4-1:  Effects of wheel access on power of cage activity, HR and body temperature 
rhythms in VIP-deficient mice.  (A) All four wheel access conditions increased the power of cage activity 
rhythms in VIP-deficient mice.  Wheel access did not improve the power of HR (B) or body temperature 
(C) rhythms in VIP-deficient mice. Power measurement was produced by periodogram analysis using 10 
days of HR data.  Power was analyzed by one-way repeated measures ANOVA while genotypic 
comparisons were analyzed using a two-way repeated measures ANOVA. Error bars are SEM. 
(*=P<0.05) 
 
 
 
 
 

 
 
Supplemental Figure 4-2:  Wheel access alters the timing of PER2:LUC peaks in the SCN and 
peripheral tissues of VIP-deficient mice (A) Average timing of PER2:LUC peaks in the peripheral tissues 
of VIP-deficient mice.  Significant delays in timing were detected in the heart and adrenals. For statistical 
results see text. (B) Average timing of PER2:LUC peaks in the SCN of VIP-deficient mice (larger symbols 
with error bars) did not differ between wheel access groups, however when examining individual samples 
(smaller grey circles), the variability of the timing was increased when mice were provided early night 
wheel access.  The x-axis represents the number of hours after ZT12 of culture day. Average PER2:LUC 
timing and amplitude were analyzed using a one-way ANOVA.  Genotypic comparisons were analyzed 
using a two-way ANOVA. Error bars are SEM. 
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Supplemental Figure 4-3:  Wheel access alters rhythms of HR in VIP-deficient mice.  (A) Double plotted 
raster plot of HR using 10 consecutive days of HR recording from the same VIP-deficient mouse subject 
to the four wheel-access conditions under a 12:12 LD cycle. (B) Group mean waveforms using 10 days of 
HR recordings from VIP-deficient mice (n=7) subject to the various wheel access conditions.  HR data 
were grouped into 3hr bins.  For statistical results see Table 4- 3. Average waveforms were analyzed 
using a two-way repeated measures ANOVA. Error bars are SEM.  
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Supplemental Figure 4-4: Wheel access alters rhythms of body temperature in VIP-deficient mice.  (A) 
Double plotted raster plot of body temperature using 10 consecutive days of temperature recording from 
the same VIP-deficient mouse subject to the four wheel-access conditions under a 12:12 LD cycle. (B) 
Group mean waveforms using 10 days of temperature recordings from VIP-deficient mice (n=7) subject 
to the various wheel access conditions.  Temperature data were grouped into 3hr bins.  For statistical 
results see Table 4- 3. Average waveforms were analyzed using a two-way repeated measures ANOVA. 
Error bars are SEM. 
 
 
 

 

 

Supplemental Table 4-1:  Twenty-four hr averages of cage activity, HR and body temperature in WT and 
VIP-deficient mice subject to wheel access conditions. (*=P<0.05). 
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Supplemental Table 4-2:  Two-Way repeated measures analysis comparing wheel induced changes in 
average waveforms of cage activity, HR and body temperature against no wheel access conditions in WT 
mice.  
 
 
 

 
 
Supplemental Table 4-3:  Two-Way repeated measures analysis comparing wheel induced changes in 
average waveforms of cage activity, HR and body temperature against no wheel access conditions in 
VIP-deficient mice. 
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Supplemental Table 4-4:  Period of PER2:LUC rhythms in the SCN and peripheral tissues of WT and 
VIP-deficient mice. *=P<0.05, statistical significance within genotype. 
 
 
 
 
 

 
 
Supplemental Table 4-5:  Amplitude of PER2:LUC rhythms in the peripheral tissues of WT and VIP-
deficient mice. *=P<0.05, statistical significance within genotype. ^= P<0.05, statistical significant 
between genotypes. 
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Supplemental Table 4-6:  Two-way ANOVA analysis examining the effect of wheel access condition and 
genotype on power and acrophase of cage activity, HR and body temperature rhythms.  Significant post-
hoc statistics are listed in the text. 
 
 
 
 
 
 

 
 
Supplemental Table 4-7:  Two-way ANOVA analysis examining the effect of wheel access condition and 
genotype on the timing of PER2:LUC peaks and amplitude in the SCN and peripheral tissues. Significant 
post-hoc statistics are listed in the text. 
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CHAPTER	
  5	
  

i.	
  Discussion	
  

Huntington’s	
  Disease	
  and	
  the	
  Circadian	
  System	
  

The	
  BACHD	
  mouse	
  model	
  of	
  HD	
  displayed	
  diurnal	
  and	
  circadian	
  deficits	
  of	
  behavior	
  

and	
  physiology.	
  	
  While	
  day	
  and	
  night	
  expression	
  of	
  PER2	
  did	
  not	
  differ	
  between	
  WT	
  and	
  

BACHD	
  mice,	
  we	
  found	
  a	
  loss	
  of	
  diurnal	
  rhythms	
  in	
  SCN	
  neuron	
  firing	
  rate	
  in	
  BACHD	
  mice,	
  

with	
  a	
  significant	
  reduction	
  in	
  the	
  rate	
  of	
  firing	
  during	
  the	
  day/rest	
  period.	
  	
  The	
  loss	
  of	
  

diurnal	
  rhythms	
  in	
  firing	
  rate	
  despite	
  the	
  presence	
  of	
  an	
  intact	
  molecular	
  clock,	
  suggests	
  

that	
  the	
  disruption	
  in	
  the	
  circadian	
  system	
  is	
  downstream	
  of	
  the	
  molecular	
  clock	
  in	
  the	
  

SCN.	
  	
  The	
  absence	
  of	
  rhythms	
  in	
  firing	
  rate	
  may	
  prevent	
  the	
  relay	
  of	
  circadian	
  information	
  

from	
  the	
  SCN	
  to	
  peripheral	
  outputs.	
  	
  Indeed,	
  BACHD	
  mice	
  lost	
  day/night	
  differences	
  in	
  

Heart	
  Rate	
  Variability	
  (HRV)	
  and	
  were	
  significantly	
  reduced	
  throughout	
  the	
  day	
  and	
  night.	
  	
  

The	
  lowered	
  HRV	
  indicates	
  a	
  disruption	
  in	
  the	
  sympathovagal	
  balance	
  of	
  autonomic	
  

nervous	
  system	
  (ANS)	
  activity,	
  and	
  a	
  predictor	
  of	
  serious	
  cardiovascular	
  events	
  (Tsuji	
  et	
  al.,	
  

1994).	
  	
  Consistent	
  with	
  the	
  decrease	
  in	
  HRV,	
  we	
  measured	
  higher	
  levels	
  of	
  Heart	
  Rate	
  (HR)	
  

and	
  body	
  temperature	
  in	
  BACHD	
  mice	
  specifically	
  during	
  the	
  day,	
  which	
  is	
  the	
  same	
  phase	
  

when	
  SCN	
  firing	
  rate	
  is	
  depressed.	
  	
  Furthermore,	
  the	
  attenuated	
  baroreceptor	
  reflex	
  

response	
  in	
  BACHD	
  mice	
  suggests	
  that	
  signaling	
  from	
  both	
  the	
  parasympathetic	
  and	
  

sympathetic	
  branches	
  of	
  the	
  ANS	
  are	
  disrupted.	
  

Despite	
  the	
  loss	
  of	
  day/night	
  differences	
  of	
  HRV	
  in	
  BACHD	
  mice,	
  HR	
  remained	
  

rhythmic,	
  although	
  blunted	
  in	
  amplitude,	
  suggesting	
  that	
  factors	
  outside	
  of	
  the	
  ANS	
  may	
  

contribute	
  to	
  the	
  daily	
  regulation	
  of	
  HR.	
  	
  However,	
  we	
  don’t	
  know	
  yet	
  whether	
  the	
  clock	
  

genes	
  in	
  the	
  heart	
  oscillate	
  in	
  BACHD	
  mice	
  or	
  whether	
  external	
  cues	
  are	
  driving	
  the	
  daily	
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rhythms	
  in	
  cardiovascular	
  function.	
  	
  In	
  the	
  R6/2	
  mouse	
  model,	
  which	
  have	
  an	
  accelerated	
  

disease	
  progression,	
  mice	
  are	
  behaviorally	
  arrhythmic	
  under	
  LD	
  and	
  DD	
  conditions	
  and	
  

lack	
  rhythms	
  in	
  expression	
  of	
  clock	
  and	
  metabolic	
  genes	
  in	
  the	
  liver	
  (Maywood	
  et	
  al.,	
  

2010).	
  	
  BACHD	
  mice	
  have	
  a	
  milder	
  HD	
  phenotype	
  compared	
  to	
  R6/2	
  mice,	
  and	
  therefore	
  

may	
  display	
  a	
  different	
  pattern	
  of	
  clock	
  gene	
  expression	
  in	
  peripheral	
  tissues.	
  	
  

Measurement	
  of	
  clock	
  gene	
  expression	
  in	
  peripheral	
  tissues	
  would	
  provide	
  better	
  

understanding	
  of	
  the	
  circadian	
  dysfunction	
  in	
  BACHD	
  mice.	
  

Circadian	
  approaches	
  may	
  be	
  a	
  valuable	
  tool	
  in	
  the	
  management	
  of	
  HD.	
  First,	
  

circadian	
  symptoms	
  occur	
  very	
  early	
  in	
  the	
  disease	
  progression	
  and	
  therefore	
  could	
  be	
  

used	
  as	
  tool	
  for	
  diagnosis	
  and	
  staging.	
  	
  Also,	
  circadian	
  disruption	
  on	
  its	
  own	
  has	
  been	
  

demonstrated	
  to	
  lead	
  to	
  disease	
  and	
  therefore,	
  may	
  further	
  exacerbate	
  symptoms	
  and	
  

conditions	
  of	
  HD.	
  	
  The	
  stabilization	
  of	
  the	
  circadian	
  system	
  may	
  be	
  an	
  important	
  strategy	
  in	
  

delaying	
  disease	
  progression.	
  	
  In	
  the	
  R6/2	
  mice,	
  restricted	
  feeding	
  reinstated	
  rhythms	
  of	
  

metabolic	
  genes	
  (but	
  not	
  clock	
  genes)	
  in	
  the	
  liver	
  (Maywood	
  et	
  al.,	
  2010).	
  	
  Nonetheless,	
  the	
  

reestablished	
  rhythms	
  in	
  metabolic	
  genes	
  may	
  be	
  beneficial.	
  	
  Preliminary	
  studies	
  

examining	
  the	
  effect	
  of	
  free	
  wheel	
  access	
  on	
  N171-­‐82Q	
  HD	
  mouse	
  model	
  concluded	
  that	
  

exercise	
  did	
  not	
  help	
  in	
  slowing	
  down	
  disease	
  progression;	
  rather	
  the	
  authors	
  observed	
  an	
  

acceleration	
  (Potter	
  et	
  al	
  2010).	
  	
  The	
  issue	
  with	
  this	
  intervention	
  is	
  that	
  these	
  mice	
  were	
  

provided	
  free	
  access	
  to	
  the	
  wheel,	
  which	
  may	
  only	
  reinforce	
  the	
  aberrant	
  activity	
  rhythm	
  of	
  

BACHD	
  mice.	
  	
  As	
  suggested	
  by	
  results	
  of	
  scheduled	
  exercise	
  (Chapter	
  4),	
  the	
  timing	
  of	
  

exercise	
  may	
  be	
  a	
  valuable	
  component	
  to	
  help	
  temporally	
  structure	
  rhythms	
  to	
  better	
  align	
  

endogenous	
  rhythms	
  with	
  the	
  environment.	
  	
  Furthermore,	
  the	
  temporal	
  reorganization	
  

may	
  be	
  enhanced	
  by	
  combining	
  both	
  scheduled	
  feeding	
  and	
  scheduled	
  exercise,	
  such	
  that	
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supply	
  and	
  demands	
  on	
  the	
  metabolic	
  system	
  can	
  be	
  appropriately	
  timed	
  to	
  minimize	
  

mismatches	
  that	
  lead	
  to	
  cellular	
  dysfunction.	
  	
  

It	
  would	
  also	
  be	
  interesting	
  to	
  explore	
  the	
  metabolic	
  dysfunction	
  in	
  the	
  SCN	
  and	
  

heart	
  of	
  BACHD	
  mice	
  because	
  the	
  metabolic	
  and	
  circadian	
  systems	
  are	
  highly	
  integrated	
  

(See	
  Introduction;	
  Asher	
  &	
  Schibler,	
  2011).	
  	
  In	
  HD,	
  there	
  is	
  an	
  impaired	
  ability	
  to	
  induce	
  

transcription	
  and	
  activity	
  of	
  PGC1α	
  (peroxisome	
  proliferator-­‐activated	
  receptor-­‐γ	
  

coactivator	
  1α),	
  which	
  is	
  a	
  gene	
  crucial	
  for	
  the	
  regulation	
  of	
  mitochondrial	
  turnover	
  and	
  

biogenesis	
  (Cui	
  et	
  al.,	
  2006;	
  Weydt	
  et	
  al.,	
  2006;	
  Johri	
  et	
  al.,	
  2011;	
  Xiang	
  et	
  al.,	
  2011)	
  and	
  

regulates	
  uncoupling	
  protein	
  (UCP)	
  and	
  superoxide	
  dismutase	
  (SOD)	
  1,2	
  proteins	
  involved	
  

in	
  the	
  conversion	
  of	
  reactive	
  oxygen	
  species	
  to	
  less	
  volatile	
  molecules	
  (Patten	
  &	
  Arany,	
  

2012).	
  	
  Importantly,	
  PGC1α	
  interacts	
  with	
  the	
  circadian	
  system	
  by	
  inducing	
  the	
  

transcription	
  of	
  the	
  clock	
  genes	
  Bmal1	
  and	
  Rev-­erbα	
  (Liu	
  et	
  al.,	
  2007;	
  Lin	
  et	
  al.,	
  2008).	
  	
  In	
  

addition,	
  PGC1α	
  regulates	
  the	
  activity	
  of	
  PPARγ	
  and	
  α,	
  which	
  also	
  regulate	
  the	
  activity	
  of	
  

clock	
  genes.	
  	
  Mice	
  lacking	
  PGC1α	
  expression	
  display	
  disruptions	
  in	
  diurnal	
  rhythms	
  in	
  

activity,	
  body	
  temperature	
  and	
  metabolic	
  rates	
  (Liu	
  et	
  al.,	
  2007)	
  further	
  demonstrating	
  the	
  

integration	
  of	
  circadian	
  and	
  metabolic	
  pathways.	
  	
  Therefore,	
  pharmacological	
  targeting	
  of	
  

the	
  circadian	
  system	
  to	
  improve	
  molecular	
  rhythms	
  by	
  using	
  synthetic	
  ligands	
  (Rev-­‐erb	
  

ligand	
  agonist;	
  Solt	
  et	
  al.,	
  2012)	
  may	
  help	
  improve	
  rhythms	
  in	
  BACHD	
  mice	
  in	
  order	
  to	
  

properly	
  drive	
  and	
  improve	
  metabolic	
  function	
  with	
  the	
  aim	
  of	
  	
  delaying	
  or	
  deterring	
  

disease	
  progression.	
  	
  Also,	
  the	
  temporal	
  targeting	
  of	
  drugs	
  to	
  improve	
  mitochondrial	
  

function,	
  such	
  as	
  resveratrol	
  through	
  activation	
  of	
  PGC1α	
  or	
  bezafibrate,	
  a	
  PPARα	
  agonist,	
  

would	
  improve	
  metabolic	
  function	
  and	
  be	
  able	
  to	
  recue	
  rhythms	
  in	
  BACHD	
  mice	
  (Lefebvre	
  

et	
  al.,	
  2006).	
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   Our	
  studies	
  on	
  the	
  BACHD	
  mouse	
  model	
  enabled	
  us	
  to	
  further	
  explore	
  the	
  deficits	
  of	
  

the	
  cardiovascular	
  system,	
  which	
  would	
  have	
  been	
  impossible	
  to	
  pursue	
  using	
  the	
  fragile	
  

R6/2	
  mice.	
  	
  Measurement	
  of	
  circadian	
  and	
  cardiovascular	
  disruption	
  allowed	
  us	
  to	
  suggest	
  

additional	
  strategies	
  in	
  the	
  management	
  of	
  HD	
  disease	
  in	
  humans.	
  	
  For	
  example,	
  most	
  

published	
  studies	
  that	
  measured	
  autonomic	
  function	
  in	
  humans	
  performed	
  the	
  tests	
  during	
  

the	
  day	
  or	
  the	
  active	
  period,	
  and	
  no	
  alterations	
  in	
  blood	
  pressure	
  and	
  HR	
  were	
  detected	
  

(Sharma	
  et	
  al.,	
  1999;	
  Kobal	
  et	
  al.,	
  2004,	
  2010;	
  Bär	
  et	
  al.,	
  2008).	
  	
  In	
  our	
  studies,	
  HR	
  and	
  body	
  

temperature	
  did	
  not	
  differ	
  between	
  BACHD	
  and	
  WT	
  mice	
  during	
  the	
  active	
  phase;	
  rather	
  

the	
  increased	
  HR	
  and	
  blood	
  pressure	
  were	
  detected	
  during	
  the	
  rest	
  phase.	
  	
  This	
  suggests	
  

that	
  BACHD	
  mice	
  may	
  have	
  non-­‐dipping	
  hypertension,	
  known	
  to	
  cause	
  cardiovascular	
  

disease.	
  	
  Future	
  studies	
  may	
  determine	
  if	
  this	
  is	
  true	
  in	
  humans	
  and	
  may	
  warrant	
  

temporally	
  targeted	
  administration	
  of	
  beta-­‐blockers	
  during	
  the	
  rest	
  phase	
  in	
  order	
  to	
  

combat	
  the	
  increased	
  sympathetic	
  drive	
  to	
  the	
  heart.	
  	
  

	
   Another	
  mechanism	
  that	
  may	
  be	
  causing	
  the	
  disruption	
  of	
  the	
  circadian	
  system	
  in	
  

HD	
  mice	
  is	
  the	
  decrease	
  in	
  VIP	
  and	
  VIPR2	
  expression	
  (Fahrenkrug	
  et	
  al.,	
  2007).	
  	
  Other	
  

conditions	
  such	
  as	
  aging	
  and	
  Alzheimer’s	
  Disease	
  (Zhou	
  et	
  al.,	
  1995;	
  Wu	
  et	
  al.,	
  2007),	
  that	
  

include	
  circadian	
  disruption	
  in	
  the	
  list	
  of	
  symptoms,	
  also	
  express	
  VIP	
  at	
  lower	
  levels.	
  	
  The	
  

loss	
  of	
  VIP	
  disrupts	
  the	
  synchrony	
  of	
  molecular	
  and	
  firing	
  rate	
  rhythms	
  in	
  the	
  SCN	
  that	
  

leads	
  to	
  dampened	
  and	
  sometimes	
  arrhythmic	
  activity	
  in	
  mice	
  under	
  constant	
  conditions	
  

(Colwell	
  et	
  al.,	
  2003;	
  Aton	
  et	
  al.,	
  2005).	
  	
  The	
  SCN	
  sends	
  VIPergic	
  efferents	
  to	
  preautonomic	
  

neurons	
  of	
  the	
  PVN	
  (Buijs	
  et	
  al.,	
  2003;	
  Kalsbeek	
  et	
  al.,	
  2006)	
  and	
  could	
  therefore	
  be	
  

regulating	
  physiological	
  rhythms	
  including	
  HR	
  and	
  cardiovascular	
  function.	
  

	
  



 150 

Role	
  of	
  VIP	
  in	
  the	
  regulation	
  of	
  circadian	
  rhythms	
  in	
  the	
  heart.	
  

Our	
  results	
  demonstrate	
  that	
  VIP	
  is	
  required	
  for	
  normal	
  diurnal	
  and	
  circadian	
  

rhythms	
  in	
  HR,	
  HRV,	
  body	
  temperature,	
  and	
  cage	
  activity.	
  	
  VIP	
  is	
  also	
  important	
  for	
  the	
  

phasing	
  of	
  clock	
  gene	
  expression	
  in	
  the	
  heart	
  under	
  LD	
  conditions,	
  as	
  well	
  as	
  the	
  HR	
  

responses	
  to	
  acute	
  stimuli.	
  	
  Lastly,	
  VIP-­‐deficient	
  mice	
  display	
  elongated	
  QT	
  intervals	
  

suggesting	
  that	
  VIP	
  may	
  regulate	
  ionic	
  mechanisms	
  in	
  the	
  heart.	
  

Whether	
  VIP’s	
  effect	
  on	
  rhythms	
  is	
  localized	
  within	
  the	
  SCN	
  alone	
  or	
  contributes	
  to	
  

local	
  effects	
  within	
  the	
  heart	
  is	
  not	
  clear.	
  	
  We	
  postulate	
  that	
  in	
  addition	
  to	
  actions	
  within	
  

the	
  SCN,	
  VIP	
  may	
  have	
  particular	
  influence	
  in	
  regulating	
  daily	
  oscillations	
  of	
  heart	
  function.	
  	
  

This	
  is	
  based	
  on	
  the	
  observation	
  that	
  VIP-­‐deficient	
  mice	
  subject	
  to	
  constant	
  conditions	
  and	
  

without	
  wheel	
  access,	
  display	
  arrhythmic	
  HRs	
  despite	
  continued	
  rhythms	
  in	
  body	
  

temperature.	
  	
  We	
  don’t	
  know	
  yet	
  whether	
  the	
  molecular	
  feedback	
  loop	
  continues	
  to	
  

oscillate	
  in	
  the	
  heart	
  under	
  constant	
  conditions,	
  but	
  this	
  would	
  be	
  interesting	
  to	
  pursue.	
  	
  

Certain	
  conditions,	
  such	
  as	
  aging	
  and	
  neurodegenerative	
  diseases,	
  display	
  normal	
  

oscillations	
  in	
  clock	
  gene	
  expression	
  in	
  the	
  SCN	
  but	
  firing	
  rate	
  rhythms	
  are	
  either	
  

dampened	
  or	
  lost	
  (Kudo	
  et	
  al.,	
  2011;	
  Nakamura	
  et	
  al.,	
  2011),	
  indicating	
  that	
  the	
  disruption	
  

is	
  downstream	
  of	
  the	
  molecular	
  clock.	
  	
  In	
  the	
  heart,	
  if	
  the	
  molecular	
  clock	
  is	
  arrhythmic,	
  VIP	
  

may	
  be	
  necessary	
  in	
  providing	
  temporal	
  cues.	
  	
  However,	
  if	
  the	
  clock	
  genes	
  continue	
  to	
  

oscillate	
  in	
  the	
  heart	
  while	
  HR	
  is	
  arrhythmic	
  suggests	
  that	
  VIP’s	
  action	
  may	
  be	
  downstream	
  

of	
  the	
  molecular	
  clock,	
  by	
  directly	
  regulating	
  proteins	
  and	
  signaling	
  pathways	
  involved	
  in	
  

heart	
  function	
  

	
   To	
  further	
  explore	
  whether	
  circadian	
  disruption	
  in	
  VIP-­‐deficient	
  mice	
  is	
  due	
  to	
  

disruption	
  of	
  SCN	
  function	
  alone	
  or	
  involves	
  VIP	
  effects	
  on	
  the	
  heart,	
  we	
  can	
  block	
  VIPR2	
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receptor	
  signaling	
  in	
  the	
  SCN	
  of	
  WT	
  mice	
  by	
  administering	
  the	
  VIPR2	
  antagonist	
  

([Tyr1,DPhe2]GHRF(1-­‐29;	
  Itri	
  et	
  al.,	
  2004)	
  by	
  cannulation	
  into	
  the	
  SCN	
  region.	
  	
  If	
  the	
  

cannulated	
  WT	
  mice	
  display	
  disrupted	
  HR	
  rhythms	
  to	
  the	
  same	
  degree	
  as	
  VIP-­‐deficient	
  

mice,	
  then	
  VIP	
  regulation	
  of	
  circadian	
  rhythms	
  in	
  HR	
  is	
  necessary	
  only	
  in	
  the	
  SCN	
  region.	
  	
  In	
  

this	
  case,	
  we	
  would	
  further	
  explore	
  the	
  possibility	
  that	
  the	
  loss	
  of	
  VIP	
  disrupts	
  a	
  

subpopulation	
  of	
  neurons	
  within	
  the	
  SCN	
  that	
  specifically	
  drives	
  the	
  regulation	
  of	
  

cardiovascular	
  output	
  (Buijs	
  et	
  al.,	
  2003).	
  	
  However,	
  if	
  HR	
  continues	
  to	
  oscillate,	
  just	
  as	
  

body	
  temperature	
  continues	
  to	
  oscillate	
  despite	
  the	
  loss	
  of	
  VIP	
  signaling	
  in	
  the	
  SCN,	
  then	
  

VIP	
  may	
  have	
  functions	
  outside	
  of	
  the	
  SCN	
  mediating	
  temporal	
  information	
  to	
  the	
  heart.	
  	
  

Alternatively,	
  we	
  can	
  also	
  perform	
  rescue	
  experiments	
  in	
  VIP-­‐deficient	
  mice,	
  by	
  delivering	
  

the	
  VIP	
  peptide	
  to	
  the	
  SCN	
  by	
  cannulation	
  during	
  the	
  middle	
  of	
  the	
  subjective	
  day,	
  when	
  

VIP	
  is	
  secreted	
  by	
  SCN	
  neurons	
  (Francl	
  et	
  al.,	
  2010)	
  and	
  determine	
  whether	
  we	
  can	
  drive	
  

robust	
  rhythms	
  in	
  behavior	
  and	
  physiology.	
  

	
   VIP	
  plasma	
  concentrations	
  display	
  circadian	
  rhythmicity	
  in	
  humans	
  (Cugini	
  et	
  al.	
  

1991;	
  Opstad	
  1987)	
  and	
  VIP	
  could	
  bypass	
  the	
  molecular	
  clock	
  and	
  directly	
  drive	
  temporal	
  

changes	
  in	
  cell	
  signaling	
  cascades	
  resulting	
  in	
  the	
  rhythms	
  observed	
  in	
  HR	
  and	
  

cardiovascular	
  function.	
  	
  VIP	
  is	
  localized	
  in	
  the	
  postganglionic	
  parasympathetic	
  neurons	
  or	
  

in	
  the	
  intrinsic	
  VIPergic	
  neuronal	
  population	
  in	
  the	
  heart,	
  most	
  of	
  which,	
  but	
  not	
  all,	
  are	
  

cholinergic	
  neurons	
  (Kuncová	
  et	
  al.,	
  2003).	
  	
  Furthermore,	
  VIP	
  immunoreactive	
  nerve	
  fibers	
  

have	
  been	
  localized	
  around	
  the	
  sino	
  atrial	
  (SA)	
  and	
  atrial	
  ventricular	
  (AV)	
  nodes,	
  

supporting	
  a	
  role	
  for	
  VIP	
  in	
  the	
  regulation	
  of	
  HR	
  (Henning	
  &	
  Sawmiller,	
  2001).	
  	
  VIP	
  binds	
  to	
  

the	
  VIPR1	
  and	
  VIPR2	
  G-­‐protein	
  coupled	
  receptors	
  that	
  turn	
  on	
  various	
  signaling	
  cascades	
  

including	
  PKA,	
  PKC,	
  IP3	
  as	
  well	
  as	
  modulating	
  the	
  inward	
  rectifying	
  potassium	
  channel	
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(Pasyk	
  et	
  al.,	
  1996;	
  Dickson	
  &	
  Finlayson,	
  2009).	
  	
  In	
  the	
  SA	
  node,	
  VIP	
  increases	
  cAMP	
  levels	
  

that	
  leads	
  to	
  the	
  activation	
  of	
  the	
  hyperpolarization	
  activated	
  pacemaker	
  current	
  (If)	
  that	
  

accelerates	
  the	
  rate	
  of	
  diastolic	
  depolarization	
  and	
  increases	
  HR.	
  	
  In	
  the	
  ventricular	
  

myocytes,	
  VIP	
  activation	
  of	
  PKA	
  activity	
  enhances	
  calcium	
  channel	
  phosphorylation,	
  

increasing	
  L-­‐type	
  calcium	
  current	
  and	
  the	
  release	
  of	
  calcium	
  from	
  the	
  sarcoplasmic	
  

reticulum,	
  enhancing	
  HR	
  and	
  contractility.	
  	
  The	
  temporal	
  regulation	
  of	
  these	
  processes	
  can	
  

alter	
  daily	
  HR	
  and	
  heart	
  function.	
  	
  Further	
  studies	
  examining	
  the	
  circadian	
  expression	
  of	
  

potassium	
  channels,	
  calcium	
  cycling	
  and	
  electrophysiological	
  properties	
  of	
  cardiomyocytes	
  

from	
  WT	
  and	
  VIP-­‐deficient	
  mice	
  may	
  further	
  elucidate	
  mechanisms	
  for	
  the	
  disruption	
  in	
  

HR	
  rhythms.	
  The	
  application	
  of	
  VIP	
  onto	
  cardiomyocytes	
  of	
  WT	
  and	
  VIP	
  deficient	
  mice	
  can	
  

identify	
  molecular	
  or	
  cellular	
  properties	
  targeted	
  by	
  VIP	
  signaling.	
  	
  We	
  may	
  not	
  see	
  large	
  

effects	
  of	
  VIP	
  application	
  alone,	
  instead	
  VIP	
  may	
  be	
  acting	
  as	
  a	
  primer,	
  setting	
  the	
  tone	
  in	
  

the	
  heart	
  modulating	
  responses	
  to	
  Ach	
  or	
  NPY	
  released	
  by	
  the	
  parasympathetic	
  nervous	
  

system.	
  	
  Alternatively,	
  VIP	
  may	
  be	
  regulating	
  the	
  presynaptic	
  release	
  of	
  signaling	
  molecules	
  

from	
  the	
  parasympathetic	
  nervous	
  system,	
  similar	
  to	
  its	
  regulation	
  of	
  GABA	
  release	
  in	
  the	
  

SCN	
  (Itri	
  and	
  Colwell).	
  	
  Lastly,	
  a	
  recent	
  study	
  identified	
  a	
  Bmal1	
  regulated	
  gene	
  krueppel-­‐

like	
  factor	
  15	
  (Klf15),	
  which	
  regulates	
  the	
  transcription	
  of	
  Kv	
  channel	
  interacting	
  protein	
  2	
  

(KChIP2;	
  Jeyaraj	
  et	
  al.,	
  2012).	
  	
  KChIP2	
  modulates	
  the	
  rate	
  of	
  repolarization	
  (QT	
  interval),	
  

and	
  its	
  loss	
  leads	
  to	
  increased	
  susceptibility	
  for	
  arrhythmias	
  in	
  mice,	
  demonstrating	
  a	
  

mechanism	
  for	
  the	
  circadian	
  regulation	
  of	
  cardiovascular	
  function.	
  	
  In	
  our	
  studies,	
  we	
  also	
  

find	
  a	
  disruption	
  in	
  the	
  QT	
  interval	
  (duration	
  of	
  repolarization)	
  in	
  VIP-­‐deficient	
  mice;	
  

specifically	
  a	
  lengthening	
  of	
  the	
  QT	
  interval	
  and	
  a	
  loss	
  of	
  day/night	
  differences.	
  	
  Future	
  

studies	
  can	
  examine	
  expression	
  levels	
  of	
  Klf15,	
  KChIP2	
  and	
  Kv4.2	
  genes	
  in	
  VIP-­‐deficient	
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mice,	
  to	
  see	
  if	
  their	
  expression	
  is	
  disrupted,	
  which	
  may	
  be	
  mediating	
  the	
  elongation	
  of	
  the	
  

QT	
  interval.	
  

	
   Alternatively,	
  VIP	
  could	
  be	
  modulating	
  the	
  molecular	
  clock	
  in	
  the	
  heart	
  directly.	
  	
  The	
  

application	
  of	
  VIP	
  onto	
  SCN	
  explants	
  late	
  at	
  night	
  increases	
  the	
  expression	
  of	
  the	
  Per1	
  and	
  

Per2	
  clock	
  genes	
  (Nielsen	
  et	
  al.,	
  2002;	
  Vanecek	
  and	
  Watanabe,	
  1998).	
  	
  Period	
  gene	
  

induction	
  could	
  be	
  mediated	
  by	
  activation	
  of	
  the	
  cAMP/PKA	
  (Atkinson	
  et	
  al.,	
  2011;	
  O’Neill	
  

&	
  Reddy,	
  2012)	
  or	
  the	
  CREB	
  signaling	
  pathway	
  (unpublished	
  data),	
  which	
  are	
  two	
  second	
  

messenger	
  pathways	
  induced	
  by	
  VIP	
  and	
  stimulate	
  the	
  transcription	
  of	
  period	
  genes.	
  	
  Also,	
  

the	
  regulation	
  of	
  the	
  molecular	
  clock	
  by	
  VIP	
  may	
  be	
  mediated	
  by	
  nitric	
  oxide	
  (NO)	
  

signaling,	
  as	
  VIP	
  can	
  increase	
  NO	
  production	
  (Henning	
  &	
  Sawmiller,	
  2001)	
  and	
  

subsequently	
  induce	
  Per1	
  and	
  Per2	
  transcription	
  and	
  stabilize	
  BMAL1	
  protein	
  through	
  s-­‐

nitrosylation	
  (Kunieda	
  et	
  al.,	
  2008).	
  	
  Most	
  of	
  these	
  effects	
  were	
  examined	
  within	
  the	
  SCN,	
  

and	
  should	
  be	
  tested	
  in	
  cardiomyocytes.	
  	
  Methods	
  to	
  modulate	
  PKA,	
  CREB	
  or	
  NO	
  

production	
  at	
  appropriate	
  times	
  of	
  day	
  may	
  be	
  able	
  to	
  improve	
  or	
  rescue	
  the	
  circadian	
  

phenotype	
  in	
  VIP-­‐deficient	
  mice.	
  

	
   In	
  addition	
  to	
  the	
  study	
  of	
  dysfunction,	
  methods	
  to	
  improve	
  circadian	
  deficits	
  should	
  

be	
  explored.	
  	
  Interventions	
  that	
  lead	
  to	
  the	
  stabilization	
  and	
  alignment	
  of	
  endogenous	
  

rhythms	
  with	
  the	
  environment	
  may	
  help	
  deter	
  the	
  development	
  of	
  disease	
  associated	
  with	
  

circadian	
  disruption.	
  	
  Just	
  as	
  scheduled	
  feeding	
  has	
  been	
  shown	
  to	
  reinstate	
  rhythmic	
  

metabolic	
  genes	
  (Maywood	
  et	
  al.,	
  2010),	
  the	
  scheduling	
  of	
  exercise	
  may	
  be	
  another	
  means	
  

of	
  driving	
  and	
  reorganizing	
  the	
  circadian	
  system.	
  Improvements	
  in	
  the	
  daily	
  rhythms	
  of	
  

VIP-­‐deficient	
  mice	
  driven	
  by	
  scheduled	
  exercise	
  may	
  have	
  important	
  implications	
  for	
  

diseases	
  and	
  conditions	
  shown	
  to	
  have	
  reduced	
  VIP	
  expression.	
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Exercise	
  effects	
  on	
  the	
  Circadian	
  System	
  

Scheduled	
  exercise	
  altered	
  rhythms	
  of	
  behavior,	
  physiology	
  and	
  gene	
  expression	
  

under	
  an	
  LD	
  cycle	
  in	
  WT	
  mice	
  with	
  intact	
  circadian	
  systems,	
  demonstrating	
  that	
  daily	
  

exercise	
  could	
  be	
  used	
  as	
  a	
  tool	
  to	
  drive	
  and	
  reorganize	
  rhythms.	
  	
  When	
  VIP-­‐deficient	
  mice,	
  

a	
  model	
  with	
  a	
  disrupted	
  circadian	
  system,	
  were	
  subject	
  to	
  scheduled	
  exercise,	
  a	
  number	
  of	
  

parameters	
  of	
  daily	
  rhythms	
  were	
  rescued.	
  	
  	
  

Scheduled	
  exercise	
  appears	
  to	
  bypass	
  the	
  loss	
  of	
  VIP	
  and	
  improved	
  rhythmic	
  

parameters	
  by	
  realignment	
  of	
  the	
  endogenous	
  rhythms	
  with	
  the	
  light/dark	
  cycle.	
  	
  This	
  

improvement	
  in	
  rhythms	
  in	
  VIP-­‐deficient	
  mice	
  induced	
  by	
  scheduled	
  exercise	
  would	
  have	
  

important	
  implications	
  for	
  humans	
  who	
  experience	
  circadian	
  deficits,	
  including	
  the	
  aged	
  

population.	
  	
  Rhythms	
  of	
  VIP-­‐deficient	
  mice	
  mimic	
  many	
  of	
  the	
  classic	
  circadian	
  disruptions	
  

observed	
  in	
  aged	
  individuals,	
  such	
  as	
  advanced	
  phase,	
  fragmentation	
  and	
  low	
  amplitude	
  

rhythms	
  (Colwell	
  et	
  al.,	
  2003;	
  Schroeder	
  et	
  al.,	
  2011).	
  	
  Furthermore,	
  levels	
  of	
  VIP	
  are	
  

decreased	
  in	
  older	
  humans	
  thereby	
  suggesting	
  a	
  mechanism	
  for	
  the	
  disruption	
  of	
  circadian	
  

rhythms	
  as	
  we	
  age	
  (Zhou	
  et	
  al.,	
  1995;	
  Wu	
  et	
  al.,	
  2007).	
  	
  The	
  realignment	
  of	
  rhythms	
  by	
  

scheduled	
  exercise	
  in	
  VIP-­‐deficient	
  mice	
  could	
  potentially	
  be	
  applied	
  to	
  humans	
  and	
  deter	
  

the	
  development	
  of	
  diseases	
  associated	
  with	
  circadian	
  disruption.	
  	
  However,	
  translation	
  of	
  

the	
  effects	
  of	
  scheduled	
  exercise	
  from	
  nocturnal	
  mice	
  to	
  diurnal	
  aged	
  populations	
  may	
  

require	
  the	
  identification	
  of	
  signaling	
  pathways	
  induced	
  by	
  exercise	
  (Kohsaka	
  et	
  al.,	
  2012;	
  

White	
  &	
  Schenk,	
  2012)	
  that	
  interact	
  with	
  the	
  circadian	
  system	
  to	
  help	
  predict	
  the	
  

appropriate	
  timing	
  of	
  exercise	
  in	
  humans.	
  	
  These	
  pathways	
  could	
  be	
  pharmacologically	
  

targeted	
  at	
  appropriate	
  times	
  of	
  day	
  to	
  provide	
  temporal	
  structure	
  and	
  organization	
  for	
  

proper	
  alignment	
  to	
  the	
  light/dark	
  cycle.	
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The	
  effects	
  of	
  exercise	
  on	
  the	
  molecular	
  clock	
  may	
  differ	
  in	
  the	
  peripheral	
  tissues	
  

and	
  the	
  SCN.	
  	
  In	
  peripheral	
  tissues,	
  exercise,	
  whether	
  scheduled	
  in	
  the	
  early	
  or	
  late	
  night	
  

appears	
  to	
  consistently	
  delay	
  the	
  timing	
  of	
  Per2:LUC	
  peaks.	
  	
  In	
  the	
  SCN	
  however,	
  the	
  effects	
  

on	
  the	
  amplitude	
  of	
  Per2:LUC	
  rhythms	
  in	
  both	
  WT	
  and	
  VIP-­‐deficient	
  mice,	
  as	
  well	
  as	
  the	
  

effects	
  of	
  dispersion	
  in	
  the	
  phasing	
  of	
  Per2:LUC	
  rhythms	
  in	
  VIP-­‐deficient	
  mice	
  are	
  

dependent	
  on	
  the	
  timing	
  of	
  exercise.	
  	
  Therefore,	
  the	
  mechanisms	
  involved	
  in	
  altering	
  the	
  

clock	
  may	
  differ	
  depending	
  on	
  the	
  tissue.	
  

There	
  are	
  a	
  number	
  of	
  potential	
  pathways	
  in	
  which	
  exercise	
  could	
  be	
  modulating	
  

the	
  circadian	
  system.	
  	
  As	
  mentioned	
  earlier,	
  VIP	
  increases	
  levels	
  of	
  nitric	
  oxide	
  (Henning	
  &	
  

Sawmiller,	
  2001),	
  which	
  could	
  then	
  potentially	
  alter	
  the	
  molecular	
  clock	
  throughout	
  the	
  

body	
  (Kunieda	
  et	
  al.,	
  2008),	
  including	
  the	
  SCN.	
  	
  Exercise	
  increases	
  levels	
  of	
  nitric	
  oxide	
  

levels	
  and	
  could	
  provide	
  timing	
  signals	
  to	
  the	
  circadian	
  system.	
  	
  Exercise	
  also	
  alters	
  the	
  

pyridine	
  nucleotide	
  (NAD+/NADH)	
  ratios	
  in	
  cells,	
  which	
  is	
  crucial	
  for	
  redox	
  control	
  of	
  ATP	
  

production.	
  	
  Increased	
  ratios	
  activate	
  SIRT1,	
  a	
  histone	
  deacetylase,	
  that	
  interacts	
  with	
  the	
  

molecular	
  feedback	
  loop	
  by	
  deacetylating	
  the	
  clock	
  gene	
  BMAL1	
  modulating	
  its	
  DNA	
  

binding	
  activity	
  when	
  heterodimerized	
  with	
  CLOCK	
  protein	
  (Kohsaka	
  et	
  al.,	
  2012).	
  	
  

Exercise	
  can	
  also	
  activate	
  PPARγ	
  (Peroxisome	
  proliferator-­‐activated	
  receptors;	
  (Petridou	
  et	
  

al.,	
  2007),	
  which	
  stimulates	
  the	
  transcription	
  of	
  Bmal1	
  and	
  Rev-­erb	
  α	
  genes	
  (Fontaine	
  et	
  al.,	
  

2003;	
  Wang	
  et	
  al.,	
  2008).	
  	
  	
  These	
  pathways	
  all	
  influence	
  the	
  positive	
  arm	
  of	
  the	
  molecular	
  

clock	
  (Bmal1	
  and	
  Clock),	
  which	
  normally	
  peak	
  during	
  the	
  dark	
  to	
  light	
  transition.	
  	
  Late	
  

night	
  exercise	
  is,	
  therefore,	
  an	
  appropriate	
  intervention	
  in	
  order	
  to	
  reinforce	
  and	
  induce	
  

the	
  activation	
  of	
  these	
  genes	
  during	
  the	
  late	
  night.	
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SCN	
  specific	
  mechanisms	
  may	
  involve	
  the	
  regulation	
  of	
  NPY	
  or	
  serotonergic	
  input	
  

from	
  the	
  intergeniculate	
  leaflet	
  (IGL)	
  or	
  raphe	
  nucleus	
  (RN),	
  respectively	
  (Challet	
  et	
  al.,	
  

1998;	
  Morin,	
  1999;	
  Cuesta	
  et	
  al.,	
  2008).	
  	
  Stimulated	
  activity	
  in	
  mice	
  during	
  the	
  middle	
  of	
  

the	
  light	
  period	
  can	
  result	
  in	
  a	
  phase	
  advance	
  of	
  behavioral	
  rhythms	
  (Glass	
  et	
  al.,	
  2010).	
  	
  

Increased	
  activity	
  causes	
  cellular	
  activation	
  in	
  the	
  IGL	
  and	
  RN	
  regions	
  as	
  measured	
  by	
  c-­‐fos	
  

staining	
  that	
  is	
  thought	
  to	
  then	
  relay	
  signals	
  to	
  the	
  SCN	
  (Mrosovsky,	
  1995).	
  	
  The	
  phase	
  

advance	
  as	
  a	
  result	
  of	
  increased	
  activity	
  during	
  the	
  day	
  can	
  be	
  mimicked	
  by	
  the	
  application	
  

of	
  NPY	
  (Kallingal	
  &	
  Mintz,	
  2007)	
  or	
  serotonin	
  (Yamakawa	
  &	
  Antle,	
  2010)	
  onto	
  the	
  SCN	
  at	
  

the	
  same	
  time	
  of	
  day.	
  	
  These	
  studies	
  were	
  conducted	
  during	
  the	
  light	
  phase,	
  however,	
  

stimulated	
  activity	
  during	
  the	
  dark	
  to	
  light	
  transition	
  can	
  produce	
  phase	
  delays	
  (Reebs	
  &	
  

Mrosovsky,	
  1989),	
  and	
  it	
  would	
  be	
  interesting	
  to	
  determine	
  the	
  effects	
  of	
  NPY	
  and	
  

serotonin	
  application	
  on	
  the	
  SCN	
  during	
  these	
  times,	
  as	
  this	
  coincides	
  with	
  the	
  effects	
  of	
  

late	
  night	
  exercise	
  on	
  the	
  circadian	
  system.	
  	
  Also,	
  blocking	
  of	
  NPY	
  and	
  serotonergic	
  

signaling	
  in	
  VIP-­‐deficient	
  and	
  WT	
  mice	
  subject	
  to	
  late	
  night	
  exercise,	
  may	
  determine	
  the	
  

necessity	
  of	
  these	
  pathways	
  in	
  eliciting	
  the	
  changes	
  in	
  SCN	
  properties	
  induced	
  by	
  late	
  night	
  

exercise.	
  	
  	
  

Exercise	
  has	
  been	
  shown	
  to	
  induce	
  epigenetic	
  changes	
  in	
  various	
  genes	
  including	
  

PGC1α,	
  BDNF,	
  TFAM,	
  PDK4	
  (Hsieh	
  et	
  al.,	
  2009;	
  Gomez-­‐Pinilla	
  et	
  al.,	
  2011;	
  Barrès	
  et	
  al.,	
  

2012).	
  	
  These	
  genes	
  interact	
  with	
  the	
  circadian	
  system	
  and	
  can	
  alter	
  its	
  function.	
  	
  It	
  would	
  

be	
  interesting	
  to	
  determine	
  whether	
  any	
  clock	
  genes	
  are	
  also	
  epigenetically	
  altered	
  during	
  

scheduled	
  exercise.	
  	
  If	
  this	
  is	
  the	
  case,	
  exercise	
  may	
  therefore	
  be	
  a	
  practical	
  intervention	
  in	
  

humans	
  because	
  epigenetic	
  mechanisms	
  suggest	
  long-­‐term	
  alterations.	
  	
  Once	
  epigenetic	
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changes	
  have	
  been	
  established,	
  intermittent	
  exercise	
  may	
  be	
  sufficient	
  to	
  retain	
  the	
  effects	
  

on	
  the	
  circadian	
  system.	
  

Another	
  interesting	
  result	
  of	
  scheduled	
  exercise	
  on	
  circadian	
  rhythms	
  within	
  the	
  

SCN,	
  is	
  the	
  dampened	
  amplitude	
  observed	
  in	
  Per2:LUC	
  expression	
  in	
  WT	
  mice	
  when	
  

provided	
  wheel	
  access	
  during	
  the	
  early	
  night.	
  	
  It	
  would	
  be	
  interesting	
  to	
  image	
  these	
  slices	
  

using	
  a	
  CCD	
  camera	
  to	
  examine	
  the	
  quality	
  of	
  these	
  rhythms,	
  and	
  whether	
  we	
  find	
  a	
  loss	
  of	
  

synchrony	
  among	
  subpopulation	
  of	
  neurons.	
  	
  The	
  Per2:LUC	
  explants	
  capture	
  the	
  state	
  of	
  

the	
  SCN	
  at	
  one	
  timepoint	
  and	
  this	
  information	
  is	
  sustained	
  throughout	
  the	
  rest	
  of	
  the	
  

recording.	
  	
  Animals	
  were	
  sacrificed	
  shortly	
  before	
  ZT12,	
  which	
  is	
  the	
  start	
  time	
  for	
  early	
  

night	
  scheduled	
  wheel	
  access,	
  therefore	
  it	
  is	
  possible	
  that	
  the	
  SCN	
  may	
  be	
  in	
  a	
  state	
  of	
  

temporary	
  or	
  transient	
  dysynchrony,	
  as	
  subpopulations	
  of	
  neurons	
  are	
  anticipating	
  the	
  

offset	
  of	
  light	
  and	
  the	
  onset	
  of	
  robust	
  activity.	
  We	
  would	
  therefore	
  like	
  to	
  examine	
  Per2	
  

expression	
  in	
  the	
  SCN	
  looking	
  at	
  different	
  timepoints	
  as	
  well	
  as	
  using	
  a	
  different	
  technique,	
  

such	
  as	
  immunocytochemistry,	
  which	
  may	
  reveal	
  more	
  robust	
  rhythms.	
  	
  Lastly,	
  because	
  

free	
  access,	
  which	
  involves	
  running	
  in	
  the	
  early	
  and	
  late	
  night,	
  does	
  not	
  elicit	
  the	
  same	
  

amplitude	
  dampening	
  effects	
  as	
  early	
  night	
  wheel	
  access	
  alone,	
  leads	
  us	
  to	
  speculate	
  that	
  

activity	
  during	
  the	
  late	
  night	
  may	
  be	
  an	
  important	
  cue	
  in	
  the	
  synchronization	
  of	
  rhythms	
  in	
  

the	
  SCN.	
  

	
   An	
  additional	
  experiment	
  that	
  would	
  further	
  support	
  the	
  improvement	
  of	
  rhythms	
  

by	
  late	
  night	
  exercise	
  is	
  the	
  measurement	
  of	
  corticosterone	
  levels	
  in	
  VIP-­‐deficient	
  mice.	
  	
  

Under	
  LD	
  conditions	
  and	
  without	
  wheel	
  access,	
  corticosterone	
  levels	
  in	
  VIP-­‐deficient	
  mice	
  

are	
  arrhythmic	
  (Loh	
  et	
  al	
  2011).	
  	
  Therefore,	
  the	
  restorations	
  of	
  rhythms	
  by	
  late	
  night	
  wheel	
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access	
  would	
  be	
  strong	
  evidence	
  that	
  this	
  manipulation	
  is	
  rescuing	
  various	
  levels	
  of	
  the	
  

circadian	
  phenotype	
  in	
  the	
  VIP-­‐deficient.	
  	
  	
  

	
  

Summary	
  

	
   The	
  disruption	
  of	
  the	
  circadian	
  system	
  is	
  correlated	
  with	
  an	
  increased	
  incidence	
  of	
  

disease	
  that	
  includes	
  cardiovascular	
  disease,	
  cancer	
  and	
  diabetes.	
  	
  	
  It	
  is	
  therefore	
  important	
  

to	
  pursue	
  studies	
  that	
  explore	
  the	
  mechanisms	
  of	
  circadian	
  dysfunction	
  as	
  well	
  as	
  develop	
  

methods	
  to	
  help	
  improve	
  rhythms	
  in	
  order	
  to	
  deter	
  the	
  development	
  of	
  disease.	
  	
  The	
  

BACHD	
  mouse	
  model	
  displayed	
  various	
  levels	
  of	
  circadian	
  disruption	
  that	
  include	
  

behavioral,	
  physiological	
  and	
  cellular	
  deficits.	
  	
  In	
  addition	
  to	
  the	
  metabolic	
  dysfunction	
  

caused	
  by	
  the	
  huntingtin	
  gene,	
  the	
  circadian	
  deficits	
  in	
  HD	
  could	
  be	
  a	
  result	
  of	
  the	
  

disruption	
  in	
  VIP	
  signaling.	
  	
  Our	
  studies	
  examining	
  the	
  circadian	
  phenotype	
  in	
  VIP-­‐deficient	
  

mice	
  confirmed	
  that	
  VIP	
  is	
  required	
  for	
  normal	
  diurnal	
  and	
  circadian	
  rhythms	
  in	
  HRV,	
  HR,	
  

body	
  temperature	
  and	
  cage	
  activity.	
  	
  Lastly,	
  we	
  were	
  able	
  to	
  rescue	
  many	
  of	
  the	
  diurnal	
  

deficits	
  of	
  VIP-­‐deficient	
  mice	
  by	
  scheduling	
  exercise	
  during	
  the	
  late	
  night.	
  	
  Whether	
  this	
  

intervention	
  will	
  have	
  similar	
  effects	
  on	
  humans	
  and	
  help	
  deter	
  disease	
  will	
  have	
  yet	
  to	
  be	
  

determined,	
  but	
  at	
  the	
  moment,	
  scheduled	
  exercise	
  seems	
  to	
  be	
  a	
  promising	
  direction	
  of	
  

study.	
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