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Hypertension remains a major risk factor for cardiovascular disease and death. While clinical 

studies and guideline recommendations underscore the benefits of reducing sodium intake in 

the treatment of high blood pressure, recent human data suggest that underlying conditions of 

disease may confound these positive effects of low salt diets. Herein, we examined the 

influence of circadian dysfunction during experimental hypertension caused by angiotensin II 

(Ang II), a key peptide in blood pressure regulation. While a low salt diet caused the expected 

decrease in blood pressure in wild type (WT) mice, mice with disruption of the circadian clock 

exhibited a paradoxical response to low salt. Mice with disruption in the circadian clock 

component Period (Period-knockout/KO mice), were abolished in blood pressure rhythm due 

to an increase in daytime blood pressure. This impairment in blood pressure rhythm in Per- 

KO mice on the low salt diet was restored to rhythmic oscillation by the angiotensin receptor 

blocker losartan. Similarly, exogenous administration of Ang II caused a non-dipping blood 

pressure phenotype in the Per-KO mice on a normal salt diet, which resulted in pathological 

thickening of the vasculature indicative of vascular disease. These effects were related to 

circadian rhythm as impairment in blood pressure caused by low salt was recapitulated in WT 

mice induced to circadian derangement by a shortened light cycle. Further thickening of the 

vasculature and increased renin levels were observed in Per-KO mice on a chronic low salt 

diet but not in WT mice. Moreover, disruption of the Period gene altered AT1 receptor 

expression and other components of the renin-angiotensin system. These data suggest that



circadian dysfunction may compromise the benefits of a low salt diet and support recent 

clinical data that raise caution to sodium restriction as a therapy for hypertension.
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CHAPTER I. INTRODUCTION

Role of the circadian clock in blood pressure regulation

A) Statement of Problem:

Hypertension is a major risk factor for cardiovascular disease, end-organ 

damage, and death. Despite the numerous treatment paradigms targeting the 

control mechanisms in blood pressure (cardiac function, vascular tone, water 

balance and autonomic outflow) management of blood pressure remains a major 

challenge and fewer than half of hypertensive patients under treatment have their 

blood pressure controlled to target levels (Go et al., 2013). Among the 

confounding issues could be the prevalence of masked, resistant,(Calhoun et al., 

2008) and non-dipping hypertension. The prevalence of non-dipping 

hypertension has recently been reported to be as high as 45% in hypertensive 

individuals,(Viera et al., 2011) and even higher in patients being treated with 

antihypertensives (53%) (de la Sierra et al., 2009). Indeed, it is established that 

non-dipping or nocturnal hypertension has a substantially negative influence on 

patient morbidity.(Verdecchia et al., 1994)

Blood pressure normally displays a circadian variation, that is it peaks upon 

waking and decreases during sleep. Among hypertensive patients, there is a 

population of patients whose night-time drop in blood pressure is diminished

(non-dippers) compared to other hypertensives who have a greater drop in
2



evening blood pressure (dippers). Though these dipper and non-dipper patients 

have comparable hypertension when awake, the non-dippers exhibit a blunted 

blood pressure rhythm due to higher nighttime blood pressure. The increased 

vascular disease in arteries from non-dipper hypertensive patients (Verdecchia et 

al., 1990). may be directly related to their increased susceptibility to 

cardiovascular morbidity.(Pickering, 1990) Subsequent studies have also shown 

that exaggerated blood pressure rhythms are equally harmful. Hypertensive 

patients classified as ‘extreme-dippers’ who were more hypotensive at sleep but 

had similar day-time hypertension relative to the other groups were as prone as 

the non-dippers to vascular disease (Shimada et al., 1992). Thus, these findings 

emphasize the important interaction between the regulation of blood pressure, 

vascular disease, and circadian rhythm.

Circadian rhythms have an important influence in cardiovascular biology. The 

circadian clock, the molecular basis of 24-hour timing, consists of a 

transcriptional, translational, and post-translational feedback loop generated by a 

unique set of genes and proteins. We have found that isolated blood vessels 

exhibit rhythms in these genes and that dysfunction in the circadian clock can 

lead to dysfunction in the vasculature. The genetic components of the circadian 

clock have been established to have a role in the regulation of basal blood 

pressure, yet to date the role of the clock in conditions of hypertension remains 

unclear.

In the first aim we undertook studies to examine the interactions between 

angiotensin II, a key peptide in blood pressure regulation, and hypertension
3



during circadian dysfunction. We found that Ang II induces non-dipping 

hypertension when administered exogenously. The goal of the second aim was 

examine whether hypertension in circadian clock mutant mice was salt- 

dependent. Our findings show that a low salt diet administered to mice with 

circadian dysfunction causes impaired blood pressure rhythm and vascular 

disease by impairments in the renin-angiotensin signaling pathway.

Aim 1: Determine if circadian clock dysfunction exacerbates hypertension in 

response to Angiotensin II

Aim 2: Determine whether Angiotensin ll-mediated hypertension in circadian 

clock mutant mice is salt-dependent and mediated by the ATi receptor 

Aim 3: Examine if the renin-angiotensin system is under circadian control

CIRCADIAN CLOCK DYSFUNCTION

Low salt Angiotensin II

Disruption of rhythmic blood pressure

HYPERTENSION
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Figure 1. Scheme hypothesizing the role of the circadian clock in 
hypertension. Circadian clock dysfunction exacerbates Angiotensin ll-induced 
hypertension. Broken or dysfunctional circadian clocks in blood pressure 
regulating organs such as kidney, heart and blood vessels could impair blood 
pressure rhythm to feed forward and further provoke cardiovascular disease.

B) Literature Review and Project Rationale:

The circadian clock has emerged as an important mechanism that controls 

baseline blood pressure, yet the signaling targets that mediate circadian clock 

control of blood pressure regulation are unclear. We also we sought to examine 

the influence of the circadian clock in hypertension. Our central hypothesis is that 

circadian clock dysfunction contributes to hypertension.

1.1. Circadian Rhythms

1.1.1. Circadian clock

The daily rotation of the earth gives approximately 12 hours of daylight and 12 

hours of darkness. Terrestrial organisms have evolved an internal signaling 

mechanism entrained to this 24-hour system. These rhythms are controlled by a 

molecular mechanism called the circadian clock.

Circadian rhythms are daily cycles in physiology and function. The molecular 

machinery responsible for circadian rhythms was first identified in the central 

nervous system. A central circadian oscillator resides in the suprachiasmatic 

nucleus (SCN) (Kornhauser et al., 1992) of the hypothalamus of the brain. This 

pathway controls the central clock, yet it is also present in peripheral tissues. 

These peripheral clocks may underlie the molecular basis of known rhythms in
5



cardiovascular function (Figure 2).

Central Rhythms (Central Clock)

 Rhythmic
Behavior

Peripheral Rhythms (Vascular Clock)

artery
Rhythmic 

— * Vascular 
Function

Hormones/ ___ „

Hemodynamics

Figure 2. Central and peripheral rhythms. The timing of circadian rhythms in 
the CNS is set by light. In peripheral organs/tissues, such as the vasculature 
other signals may set the tming. Within individual cells, gene and protein 
oscillations occur that manifest as rhythmic functions, such as oscillations 
locomotor activity (behavior) and blood pressure.

1.1.2 The central clock

The central clock located in the SCN receives light signals from the eye through 

the retinohypothalamic tract. The SCN functions autonomously generating a 

period close to 24 hours which is readjusted every day by the light/dark (L/D) 

cycle. This process, known as entrapment, allows daily synchronization with 

environmental time cues referred to as zeitgebers. Light is a powerful external 

zeitgeber, yet it is often misunderstood that light generates circadian rhythms but, 

in fact, rhythms persist in healthy normal mammals even in constant darkness or 

constant light, also called free running conditions. The central clock plays a 

dominant role in regulating circadian patterns of behavior and locomotor activity.
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Lesioning of the SCN results in a loss of rhythmic locomotor activity and blood 

pressure.(Witte et al., 1998)

1.1.3 Peripheral clocks

In addition to the central clock, all tissues contain molecular clocks including 

peripheral tissues such as the liver and aorta which exhibit circadian rhythmicity. 

In liver, it has been demonstrated that food is the dominant signal that sets the 

molecular clock (Stokkan et al., 2001), whereas hormones and hemodynamics 

may set the vascular clock. These peripheral clocks may act autonomously or 

may require entraining signals in the form of humoral or neural signals from the 

SCN. Indeed, several lines of evidence have demonstrated the presence and 

oscillation of the molecular basis of circadian rhythms in tissues outside of the 

SCN (periphery) including aorta (Rudic et al., 2005), liver (Zylka et al., 1998), 

kidneys (Sakamoto et al., 1998), heart (Storch et al., 2002; Young et al., 2001), 

and skeletal muscle (McCarthy et al., 2007; Miller et al., 2007; Zylka et al., 1998).

1.1.4 Molecular basis of circadian rhythms

The genes and proteins that constitute the circadian clock control timing of gene 

expression by transcriptional, translational, and post-translational mechanisms. 

The transcriptional driving force is comprised of the basic helix-loop-helix 

transcription factors, BmaM and Clock (or Npas2). BrnaM/Clock or Bmal1/Npas2 

heterodimerize and bind to an E-box element, a CACGTG sequence, in the 

promoter regions of the Per and Cry genes to transactivate Period (Per) and 

Cryptochrome (Cry), the braking force of the loop, which then restrain
7



Bmal1/Clock/Npas2 and consequently their own transcription (Figure 3). Further 

modification of the core complex, including phosphorylation and degradation, 

refines timing to the daily cycle. While these circadian clock genes appear to 

have no intrinsic function other than oscillation, they control physiology in the 

body by controlling and interacting with genes/proteins with clear biological 

function (output genes), by either transcriptional or post-transcriptional regulation.

N v k I m i

Cytoplasm

t o .

w

Figure 3. The circadian autoregulatory feedback loop. Bmal and Clock 
heterodimerize to bind E-box motifs that drive transcription of Per and Cry genes 
(positive limb)). Per and Cry proteins heterodimerize in the cytoplasm (negative 
limb) shuttle back into the nucleus and inhibit their own transcription producing a 
circadian expression pattern of a 24 hour period, also regulated by degradation 
and interlocking Rev-erb a loops.

1.2 The circadian clock and blood pressure rhythm

1.2.1. Basal blood pressure rhythm

fr
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While the outputs of the circadian clock that control blood pressure rhythm are 

not well known, it has long been known that a significant characteristic of blood 

pressure is its circadian rhythm. In humans (Millar-Craig et al., 1978) (Figure 4) 

and animals (Rudic and Fulton, 2009), blood pressure rises and falls over 24 

hours. Blood pressure in humans displays a diurnal variation with higher daytime 

values and a nocturnal dip of 10-20%. Conversely, in nocturnal animals such as 

rodents, blood pressure is higher at night than during the day. The molecular 

mechanism responsible for circadian rhythms, the circadian clock, is important in 

the regulation of basal blood pressure (Curtis et al., 2007). Recent evidence has 

demonstrated the importance of the circadian clock in key organs that are also 

involved in blood pressure regulation, including blood vessels (Anea et al., 2010; 

Anea et al., 2009; Cheng et al., 2011; Viswambharan et al., 2007), heart, and 

kidneys (Gumz et al., 2009). Moreover, the significance of blood pressure 

rhythms in human disease is highlighted in human conditions where rhythms are 

absent, as in non-dipper hypertensive patients (O'Brien et al., 1988) that exhibit a 

raised incidence of cardiovascular morbidity (Timio et al., 1995),(Godinho et al., 

2007).
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Wake
Sleep Phase phase

systole

diastole

Figure 4. Circadian rhythm in blood pressure in humans. Millar-Craig et al. 
Lancet ,1978. Lancet. 1978 Apr 15;1(8068):795-7.

1.2.2. Blood pressure rhythm and cardiovascular events 

Blood pressure rhythm has an important influence on the timing of adverse 

cardiovascular events. Perhaps the most well-known phenomenon regarding 

blood pressure rhythm and disease is the “morning surge” when blood pressure 

reaches its highest level. This period between 6 AM and 12 PM is associated 

with a higher incidence of myocardial infarction (Muller et al., 1985) and ischemic 

and hemorrhagic strokes (Kario et al., 2003). Myocardial ischemia and sudden 

cardiac death display a similar pattern with an increased incidence occurring 

between 7 AM and 11 AM. (Muller et al., 1987) In addition, increased 

coagulation, and reduced fibrinolysis occur in the morning hours (Kapiotis et al., 

1997), as does platelet activation (Brezinski et al., 1988) with circadian peaks 

occurring between 8 AM and 9 AM (Scheer et al., 2011). Thus, diurnal variation 

in blood pressure may have an effect on the incidence of cardiovascular events 

and morbidity.
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1.2.3. Chronotherapy and treatment of hypertension

While there is an emphasis on diagnosis and treatment of essential hypertension, 

the importance of ambulatory blood pressure monitoring is underappreciated. 

Daytime measurement of blood pressure fails to detect the absence of a 

reduction in nighttime blood pressure. Ambulatory pulse pressure is a predictor 

of cardiovascular morbidity, as are nondipper status and left ventricular 

hypertrophy. (Verdecchia etal., 1998)

With regard to the treatment of hypertension, timing of blood pressure medication 

administration can modify the circadian variation in blood pressure rhythm 

(Lemmer, 1992). Chronotherapy is the timing of medications in synchrony with 

circadian rhythms to optimize treatment (Smolensky and Haus, 2001). While 

ample evidence supports that the maintenance of the nighttime dip in blood 

pressure is important in the prevention of cardiovascular disease, currently there 

are no therapeutic strategies or guidelines to effectuate this response . The 

importance of treatment regimens based on blood pressure rhythm was indicated 

in the Heart Outcomes Prevention Evaluation Study Investigators (HOPE trial) in 

which ramipril, an angiotensin-converting enzyme (ACE) inhibitor, reduced rates 

of myocardial infarction, stroke, and death (Yusuf et al., 2000). Results from a 

substudy revealed that ramipril specifically reduced nighttime blood pressure. 

(Svensson et al., 2001) In the MAPEC (Ambulatory Blood Pressure Monitoring 

for Prediction of Cardiovascular Events) study, bedtime dosing of more than one 

blood pressure medication improved blood pressure control and cardiovascular 

risk (Hermida et al., 2010). Thus, nighttime administration of anti-hypertensive
l i



medications may more effectively restore the nocturnal dip in non-dippers, 

leading to reduced risk of cardiovascular events however such strategies are not 

yet implemented.

1.3 Circadian clock dysfunction in human disorders of circadian rhythm

1.3.1 Causes of circadian dysfunction

In disease, it is known that aberrations to circadian rhythms have adverse 

cardiovascular complications as has been acknowledged in the 2003 Seventh 

Report of the Joint National Committee on Prevention, Detection, Evaluation, and 

Treatment of High Blood Pressure (JNC7) report. Human dysfunction in circadian 

rhythm is caused by behavioral aberrations such as shift work and sleep apnea, 

while aging in itself can worsen sleep circadian rhythm and also impair circadian 

clock expression in vascular cells. In addition, ‘silent’ circadian dysfunction can 

occur intrinsic to tissue and organ systems independent of behavioral/sleep 

anomalies, a physiologic manifestation being non-dipping hypertension. Indeed, 

the prevalence of circadian dysfunction in the cardiovascular system is 

underappreciated.

1.3.2 Non-dipping hypertension

As mentioned above, non-dipping hypertension is the loss of circadian variation 

in blood pressure due to the loss of the night time trough, a 10-20% reduction 

relative to daytime blood pressure. Non-dippers comprise approximately 25% of
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hypertensives and have a worse prognosis (Pickering and Kario, 2001). Lack of a 

nocturnal decline in blood pressure is associated with an increased risk of end- 

organ damage. (O'Brien et al., 1988; Ohkubo et al., 2002; Staessen et al., 1999) 

Among hypertensive patients, non-dippers have a higher risk of adverse 

cardiovascular events and death (Figure 5).

Figure 5. Increased cardiovascular events in nondipping hypertensive 

patients. (Verdecchia et al., 1994)

1.3.3 Clinical relevance of non-dipping hypertension

With regard to non-dipping blood pressure, a substudy of the Coronary Artery 

Risk Development in Young Adults Study (CARDIA) demonstrated that 45% of
13



young adults were non-dippers and that the prevalence of non-dipping 

hypertension was significantly greater in blacks versus whites. Furthermore, 

blunting of the nocturnal fall in blood pressure has been observed in individuals 

with diabetes, chronic renal disease, and sleep apnea (Covic and Goldsmith, 

1999; Thompson and Pickering, 2006). Thus, non-dipping hypertension is a 

prevalent condition with potentially substantial public health impact. With regard 

to the causes of non-dipping hypertension and potential etiology through the 

circadian clock, there are molecular bases, and triggers that also include 

environment and behavior, including shift work, sleep disorders, and even aging 

which are observed in animals and humans.

1.3.4 Shift work and disease

Numerous studies have shown that shift workers have an increased risk of 

cardiovascular disease (Boggild and Knutsson, 1999). Shift workers demonstrate 

an impaired pattern of sodium excretion (Conroy et al., 1970) and are more 

susceptible to developing hypertension (Suwazono et al., 2008). More recently, 

meta-analysis revealed that myocardial infarction and ischemic stroke were 

associated with shift work (Vyas et al., 2012). Thus, behavioral aberrations 

negatively impact cardiovascular function. In addition to deleterious effects on 

cardiovascular health, shift workers also are greater risk for other diseases. Shift 

work has been associated with metabolic syndrome (Karlsson et al., 2001). 

Circadian clock gene expression is influenced by shift work and glucose 

intolerance, as Per3 expression correlates with shift work and fasting plasma

14



glucose. (Ando et al., 2010) Female workers who work rotating night shifts over a 

prolonged period of time have an increased risk of breast cancer. 

(Schernhammer et al., 2001) Moreover, shift work impairs circadian clock 

function shift work (Bracci et al., 2014). In these studies it was demonstrated that 

rotating-shift nurses exhibited altered levels of clock genes in lymphocytes 

relative to day time workers after a day off. Thus, in shift work, clock gene 

dysfunction/alteration is a reality, with potential consequences with respect to 

human health.

1.3.5 Aging and circadian rhythm

The effects of aging may negatively impact circadian rhythms. Aging alters 

sleep-wake cycles in humans with earlier sleeping times and increased sleep 

disturbances (Duffy et al., 2002; Yoon et al., 2003). Recent findings indicate an 

association between later sleeping and waking time and single nucleotide 

polymorphisms (SNPs) in BmaM and Npas2 in aged individuals (Evans et al.,

2013). While it is evident that aging affects circadian rhythms in mammals, it 

remains unknown how these changes manifest and whether they are dependent 

on central or peripheral clocks, or both. Aging reduces SCN function but does not 

affect rhythmicity in all tissues in rats (Yamazaki et al., 2002). The amplitudes of 

electrical activity rhythms in the in vivo SCN are decreased in middle-aged mice 

and demonstrate lessened correlation with locomotor activity, yet Per2 

expression measured by bioluminescence was similar to young mice (Nakamura
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et al., 2011). Neuronal firing is reduced in cultured neurons from older mice in 

addition to dampened locomotor activity rhythm (Aujard et al., 2001). Aging 

affects Clock and Bmall expression in SCN of aged hamsters (Kolker et al., 

2003). In senescent human aortic smooth muscle cells oscillation of Bmall and 

Per2 was reduced, with similar changes in vivo. (Kunieda et al., 2006) More 

compelling evidence for the influence of the circadian clock in aging is provided 

by data showing that Bmall-KO mice display premature aging and reduced 

lifespan (Kondratov et al., 2006) with increases in cellular senescence in vivo. 

(Khapre et al., 2011) Per1-Per2-DKO mice, while similar to WT mice when 

young, begin to develop features of premature aging at approximately 12-14 

months of age (Lee, 2006). Recent human studies have also demonstrated a 

correlation of aging with clock dysfunction. In healthy women, Bmall expression 

in peripheral blood cells was negatively correlated with age (Ando et al., 2010). 

Together, these studies suggest that both central and peripheral clocks undergo 

aging-related impairments and circadian dysfunction worsens these effects.

1.3.6 Sleep disorders and circadian dysfunction

Circadian rhythms have an important influence on sleep-wake cycles. Recent 

studies suggest that changes in the duration of time spent sleeping impact the 

biological clock. Both sleep deprivation and excessive sleeping, or hypersomnia, 

can affect circadian clock gene expression in the periphery. Bmall expression is 

decreased under conditions of sleep deprivation (Ackermann et al., 2013), and in 

hypersomniac patients who also display dampened amplitudes of Perl and Per2
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expression (Lippert et al., 2014) A hereditary component of human circadian 

rhythm disorders was first observed in individuals with familial advanced-phase 

sleep syndrome (FASPS) who experience excessive early evening sleepiness 

and early morning awakening, or a 4-hour advance in the sleep-wake cycle. 

(Jones et al., 1999) Subsequent studies revealed a molecular basis of FASPS 

by showing that a serine to glycine mutation in the casein kinase l£ (CKIe) 

binding region of Per2 results in hypophosphorylation by CKIe (Toh et al., 2001) 

and that degradation or stabilization of Per2 is dependent on the phosphorylation 

site. (Vanselow et al., 2006) In humans, sleep dysfunction has also been 

assocated with clock gene dysfunction (Ackermann et al., 2013; Archer et al., 

2014; Evans et al., 2013; Lippert et al., 2014). One night of sleep deprivation in 

healthy humans was shown to suppress Bmall expression in leukocytes, while 

delaying sleep by 4 hours in healthy humans for three consecutive days also was 

shown to lead to a 6-fold reduction of circadian transcripts in blood (Archer et al., 

2014). In isolated fibroblasts from patients with a sleep disorder (hypersomnia), 

it has also been recently demonstrated that expression of clock genes is altered 

(Evans et al., 2013). Finally, aside from these sleep-dependent deteriorations in 

clock gene expression, genetic variants in Bmall and Npas2 have also been 

associated with sleep traits in the elderly (Lippert et al., 2014)

1.3.7 Circadian clock gene polymorphisms in humans

There is also evidence for a genetic basis for circadian dysfunction, with data 

demonstrating that polymorphisms in the promoter region of the Bmall gene are
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associated with hypertension (Woon et al., 2007). The role of Clock 

polymorphisms remains unclear as studies have conflicting results. Katzenberg 

et al. showed that a single nucleotide polymorphism (SNP) in the human Clock 

gene was associated with a preference for eveningness (Katzenberg et al., 

1998), yet data from another study did not find an association between the 

CLOCK 3111C/T polymorphism and diurnal preference (Chang et al., 2011). A 

polymorphism in Per3 is linked with extreme diurnal preference (Archer et al., 

2003). More recently, Periodl gene polymorphisms have been shown to be 

associated with time of death (Lim et al., 2012).

1.4 Pathological consequences of environmental circadian disturbances

As discussed previously, chronic circadian disturbances such as shift work 

increase cardiovascular risk. Shift work and trans-meridian travel, especially 

over an extended period of time, may impact the biological clock. Desynchrony 

between environmental conditions, or the LD cycle, and the endogenous 

circadian clock has detrimental effects in humans and animals. Disruption in 

sleep may contribute to endocrine and metabolic disorders such as diabetes and 

obesity in humans (Spiegel et al., 2009). Mortality is increased in aged mice 

subjected to a chronic jet-lag protocol (Davidson et al., 2006). While aging may 

accelerate mortality rates due to LD cycle disruption, other underlying 

cardiovascular conditions may also decrease survival as evident in studies with 

cardiomyopathic hamsters. Chronic reversal of the LD cycle (a 12-hour phase
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shift) reduced lifespan in these hamsters (Penev et al., 1998). Recent data 

showing that longevity is decreased in normal mice under a dramatically 

shortened (4 hr:4 hr) LD cycle (Park et al., 2012) provides further evidence for 

the harmful consequences of chronic circadian disruption due to environmental 

factors.

1.5 Circadian clock mutation and vascular disease

Recent findings implicate circadian dysfunction in the pathology of vascular 

disease. Bmall-KO mice that undergo carotid artery ligation, a model of flow 

reduction, show aberrant vascular remodeling and thrombosis (Anea et al., 

2009). Moreover, circadian dysfunction compromises endothelial function as 

Bmal1-KO and Clock mutant mice display endothelial dysfunction (Anea et al., 

2009). The negative limb Per2 mutant mice also display impaired vascular 

endothelial function (Viswambharan et al., 2007) Increased vascular senescence 

and impaired endothelial progenitor cell (EPC) function have also been observed 

in Per2 mutant mice. (Wang et al., 2008). Based on these studies, the circadian 

clock has an important role in cardiovascular function and vascular disease.

1.6 Regulation of blood pressure rhythm

1.6.1 Uncoupling between central and peripheral clocks

The mechanisms underlying regulation of blood pressure rhythm are complex.
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Although central input is important, there are intrinsic cardiovascular rhythms. 

Shea’s group showed that the scale-invariant/fractal structure in human and rat 

heartbeat fluctuations exhibits an endogenous circadian rhythm (Hu et al., 2008), 

independent of scheduled behaviors such as the sleep/wake cycles and 

independent from overall activity level while awake (Ivanov et al., 2007). Forced 

desynchrony allows uncoupling of the sleep/wake cycle from the endogenous 

circadian rhythm. This circadian misalignment, in which human subjects ate and 

slept 12 hours out of phase from their normal schedule, resulted in an increase in 

blood pressure while awake (Scheer et al., 2009). Additional evidence 

suggesting cardiovascular rhythms are not entirely dependent on behavioral 

rhythms is illustrated by TGR(mREN2)27 rats which demonstrate intact 

locomotor activity rhythm despite inverse blood pressure rhythm (Witte and 

Lemmer, 1999). In addition, Angiotensin II infusion disrupted blood pressure 

rhythm in rats, yet behavioral rhythm remained unperturbed (Sampson et al.,

2008).

1.6.2. Animal models of aberrant blood pressure rhythm 

Several rodent models display abnormal blood pressure rhythm. Transgenic 

hypertensive TGR(mREN2)27 rats harboring the murine Ren2 gene develop an 

inverse blood pressure rhythm by 8 weeks of age (Witte and Lemmer, 1999).

This reversal of blood pressure rhythm, with higher daytime values and lower 

nighttime values is preceded by decreased nitric oxide (NO) synthesis and 

reduced baroreflex function (Borgonio et al., 2001). Moreover, the peak of the
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blood pressure rhythm in spontaneously hypertensive rats (SHRs) is shifted 

closer to the resting period (Shimamura et al., 1999), Impairment of arterial 

baroreflex in sinoaortic-denervated (SAD) rats disrupts the circadian rhythm of 

blood pressure from 24 hours to 12 hours (Li et al., 2007). Mice deficient in 

dopamine (3-hydroxylase are hypotensive and display an attenuated blood 

pressure rhythm.(Swoap et al., 2004). In humans type II diabetes is associated 

with disruptions in the circadian variation of blood pressure (Pistrosch et al., 

2007). Animal models of diabetes, db/db mice, are hypertensive and display a 

decreased dip in the daytime (inactive phase) (Su et al., 2008) (Goncalves et al.,

2009).

1.6.3 Circadian clock disruption and blood pressure

A role for the core genetic components of the clock (Bmall, Clock, Npas2, Per, 

and Cry) in basal blood pressure regulation has been established in mice (Table 

2). Mice with global deletion of Bmall lack the day/night variation and blood 

pressure rhythm is abolished in standard LD conditions. In constant darkness 

(DD), or free-running conditions, mice deficient in Cry1 and Cry2 (Cry1-Cry2- 

DKO) show higher blood pressure compared to WT mice during the daytime rest 

period while nighttime blood pressures are similar. In contrast, mice with 

mutation of Clock, Npas2, and Per2 retain rhythmic blood pressure with overall 

lower blood pressures compared to WT mice. With the exception of the studies 

conducted in Cry1-Cry2-DKO and Npas2 mutant mice, blood pressure was

measured in LD conditions. More recently, Vukolic et al. showed that the
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circadian period of mean arterial pressure (MAP), heart rate (HR), and locomotor 

activity was shortened in Per2 mutant mice in constant darkness (Vukolic et al.,

2010). LD conditions may mask impairments in circadian rhythm which become 

apparent in DD conditions. Further studies are necessary to detect perturbations 

in blood pressure rhythm of circadian clock mutant mice.

Table I. The circadian rhythm in blood pressure in circadian clock mutant mice
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Table II. The circadian rhythm in blood pressure in circadian clock mutant 
mice Rudic and Fulton, JAP, 2009

1.7. Renin-angiotensin system and blood pressure control

1.7.1 Renin-angiotensin system

The renin-angiotensin system (RAS) is a powerful regulator of blood pressure. 

Renin, the rate-limiting enzyme in the production of angiotensin II (ang II), is 

secreted by juxtaglomerular cells in the kidney. Macula densa cells in the distal 

nephron act as salt sensors and send paracrine signals to regulate renal blood 

flow, glomerular filtration, and renin release (Peti-Peterdi and Harris, 2010). The 

RAS displays circadian oscillations as shown by plasma renin concentration 

(PRA), plasma aldosterone concentration (PAC) and urinary excretion of 

aldosterone (Hilfenhaus, 1976).
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Figure 6. Overview of the renin-angiotensin-aldosterone system (RAAS).
Nature Reviews Nephrology 6, 319-330 (June
2010) | doi:10.1038/nrneph.2010.58

1.7.2 Angiotensin ll-dependent hypertension

Angiotensin II is a powerful pressor agent that functions as a vasoconstrictor of 

renal and systemic blood vessels, increases aldosterone secretion, increases 

anti-diuretic hormone (ADH) and also acts on proximal tubules to increase 

sodium reabsorption. Angll exposure has been shown to lead to salt-sensitive 

hypertension (Lombardi et al., 1999). With regard to fluid intake, Angll stimulates 

an increase in thirst as well as sodium intake (Fitzsimons, 1998). As Angll plays 

a major role in the regulation of blood pressure, fluid balance, and therefore in



hypertension, blockade of its actions are an important therapeutic target. 

Regulation of blood pressure, electrolyte and water balance, thirst, hormone 

secretion, and renal function are all mediated by the ATi receptor, while the AT2 

receptor exerts anti-proliferative and vasodilatory effects (de Gasparo et al., 

2000).

1.7.3 Dietary sodium and blood pressure

Hypertension remains a major risk factor for cardiovascular disease and death. 

While numerous studies and recommendations highlight the benefits of 

controlling and reducing sodium intake in the diet (Gifford et al., 1993; Sacks et 

al., 2001), significant controversy has recently emerged with regard to salt control 

and its absolute benefits. Human studies have demonstrated that a low salt diet 

synergizes with conditions of heart failure (Alderman, 2010a; Cohen et al., 2008; 

Jessup et al., 2009; Paterna et al., 2009) to actually increase mortality. During 

diabetes, low salt has been demonstrated to produce an unexpected elevation in 

end stage renal disease (Thomas et al.). Also, the incidence of stroke and heart 

attacks increases during conditions of both reduced and excessive salt excretion 

(O'Donnell et al., 2014; O'Donnell et al.). To date, the mechanisms and 

physiologic interactions that underlie the potential harmful effects of sodium 

restriction and cardiovascular disease are unclear.

Both low salt and high salt excretion are related to increased incidence of 

cardiovascular death, myocardial infarction, congestive, heart failure, and stroke 

(Figure 7).
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Figure 7. J-shaped association salt excretion and risk of CV events From: 
Urinary Sodium and Potassium Excretion and Risk of Cardiovascular Events
JAMA. 2011 ;306(20):2229-2238. doi:10.1001/jama.2011.1729

Although current guidelines recommend a diet low in sodium for the general 

population, chronic sodium restriction may not be suitable for all individuals. In 

hypertension the effects of a low salt diet are likely to be dependent on salt 

sensitivity (Garg et al., 2014). Salt-sensitivity is characterized by an increase in 

blood pressure following high intake of salt (Weinberger et al., 1986). Since salt- 

sensitive individuals display less activation of the RAS when on a low salt diet as 

observed in patients with low-renin essential hypertension (Fisher et al., 1999), a 

low salt diet may be beneficial for this population. However, salt-resistant 

subjects on a low salt diet show greater activation of the RAS (Melander et al.,
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2000). Furthermore, insulin resistance in healthy subjects is increased with a low 

salt diet (Garg et al., 2011). These findings in humans suggest that a low salt diet 

may not be advantageous for all subsets of the population.

Several animal studies also reveal that sodium restriction does not necessarily 

provide positive benefits, and in some cases may have unfavorable 

consequences. Rats fed a chronic low salt diet demonstrate increased 

hematocrit and sensitivity to heat stress (Francesconi and Hubbard, 1985). Mice 

with disruption of 0ENaC on a low salt diet exhibit weight loss, hyperkalemia, and 

decreased blood pressure which are symptoms of acute 

pseudohypoaldosteronism type 1 (Pradervand et al., 1999). Interestingly, a low 

salt diet increases blood pressure in Dahl salt-sensitive rats (S) in comparison to 

Dahl salt-resistant rats (R) (Rapp, 1982) and S rats also develop albuminuria 

early in life (Garrett et al., 2003). While high salt increased blood pressure in 

dogs, blood pressure was unaffected with normal or low salt (Hildebrandt et al.,

2014). Additional studies are needed to understand the impact of long-term 

sodium restriction in humans and animals.

1.7.4. Fluid balance

The kidney has a major role in the long-term regulation of blood pressure. In 

normal conditions blood pressure remains unaffected by changes in salt intake 

(Guyton, 1991; Hall et al., 1980). In sodium-sensitive hypertension, sodium 

restriction shifts the circadian rhythm of blood pressure from a nondipper to a 

dipper pattern yet does not affect circadian rhythm of blood pressure in dippers.
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(Uzu et al., 1997) Salt-sensitive hypertensive patients show a blunted nocturnal 

decline in blood pressure while on a high salt diet (Higashi et al., 1997). 

Interestingly, hypertensives demonstrate an aberrant response to Angll in that 

changes in blood pressure on a low salt or high salt diet are impaired during 

Angll infusion (Chamarthi et al., 2010). Studies examining the association of 

polymorphisms in the sodium bicarbonate (NaHC03) cotransporter gene 

(SLC4A5)with blood pressure suggest the involvement of SLC4A5 in blood 

pressure control (Hunt et al., 2006) and salt-sensitivity (Carey et al., 2012). 

Hypertension and metabolic acidosis are observed in mice with target mutation of 

the SLC4A5 gene (Groger et al., 2012), providing further mechanistic evidence 

for a role of the gene in hypertension.

Several studies have demonstrated that the kidney is under control of the 

circadian clock. Nephrectomy disrupts the circadian rhythm of blood pressure in 

patients (Goto et al., 2005). The Na+/H+ exchanger (NHE3) promoter is 

transactivated by Bmall and Clock and its circadian expression is reduced in 

mice with deletion of Cry1 and Cry2 (Saifur Rohman et al., 2005). More recently, 

it was shown the circadian clock is involved in sodium balance (Gumz et al.,

2009). In this study, Perl expression was stimulated by aldosterone and the 

renal epithelial sodium channel (aENaC) in mice was shown to be regulated by 

Perl. Further implication of the circadian clock in maintaining sodium balance is 

evident in Clock deficient mice which display differences in the temporal pattern 

of plasma aldosterone levels and marked changes in the circadian pattern of 

renal sodium excretion (Nikolaeva et al., 2012). Other evidence for the
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importance of the kidney in blood pressure control includes recent data in which 

renal denervation restored rhythmic blood pressure in SHRcp rats, a model of the 

human metabolic syndrome with a mutation in the leptin receptor, by converting 

nondippers into dippers (Katayama et al., 2013). Further importance of local 

renal circadian clocks has been shown in studies with kidney specific Bmall 

inactivation (Bmall /ox/lox/Ren1dCre mice) which have lower blood pressure, 

decreased plasma aldosterone, and differences in the pattern of urinary sodium 

excretion (Tokonami et al., 2014).

1.7.5 RAS and the circadian clock

The relationship between the RAS and the circadian clock is not fully understood, 

yet based on recent studies clearly the circadian clock is involved in regulation of 

this system. The first in vitro study examining the effect of Angll in the context of 

the circadian clock revealed that Ang II induces rhythmic expression of Bmall 

and Per2 in cultured vascular smooth muscle cells (Nonaka et al., 2001). 

Moreover, further data suggesting Ang II could affect the clock was illustrated by 

a study in which Ang II was shown to depolarize mouse suprachiasmatic nuclei 

neurons and stimulate action potential firing. (Brown et al., 2008) Evidence for a 

genetic role of the circadian clock in blood pressure regulation is that SHRs have 

a polymorphism in the Bmall gene, suggesting an important role of the circadian 

clock in hypertension (Woon et al., 2007). Upregulation of the RAS 

in TGR(mREN-2)27 rats changed the phase of Bmall and Per2 expression in the 

area postrema, in addition to an elevation in plasma renin activity (Monosikova et
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al., 2007). Additionally, clock gene oscillation was observed in the kidney and 

heart, with upregulation in the SCN and rostral ventrolateral medulla (RVLM) 

(Herichova et al., 2007). In contrast, expression of Bmall and Per2 was blunted 

in sinoaortic-denervated rats (Li et al., 2007). These studies suggest an 

influence of the RAS on circadian gene expression. Recently, it was 

demonstrated that Bmall/0X/l0X/Ren1dCre mice show changes in kidney renin 

expression (Tokonami et al., 2014).

1.8 Rationale

Recent data has demonstrated the importance of the genetic components of the 

circadian clock in baseline blood pressure control and rhythm. In mice, a role for 

core components of the circadian clock (Bmall, Clock, Npas2, Period/Per and 

Cryptochrome/Cry) has now been established in the regulation of blood pressure. 

Under baseline conditions, Bmall-KO mice lack the night time rise in blood 

pressure (Curtis et al., 2007). Recently, the circadian clock has been shown to 

play an important role in sodium balance. Perl was found to regulate expression 

of the renal epithelial sodium channel, and Perl mutant mice displayed increased 

urinary sodium excretion.(Gumz et al., 2009) Moreover, mice with deletion of 

Cry1 and Cry 2 display salt-sensitive hypertension (Doi et al., 2010). However, it 

remains unclear how and if the circadian clock conditions the response to 

experimental hypertension. To date, there are few studies in conditions of 

transition from LD to constant darkness (DD), or free-running conditions.
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Furthermore, little is known regarding the impact of the circadian clock and 

negative limb mutants in experimental hypertension.

Our overall aim was to examine the impact of circadian clock dysfunction in 

hypertension, which led us to the fortuitous discovery of a paradoxical response 

in mice with circadian dysfunction that were administered a low salt diet. Both 

experimental hypertension induced by Angiotensin II (Angll) and a low salt diet 

which exacerbated renin-angiotensin signaling induced non-dipping blood 

pressure in circadian clock knockout mice. Thus, we demonstrate an important 

function of the renin-angiotensin II pathway in hypertension mediated by the 

circadian clock.
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CHAPTER II: MATERIALS AND METHODS

Animals

Care of the mice was in accordance to institutional guidelines. Mice were kept 

on 12h light-12h dark cycles prior to and during portions of the time subjected to 

experimentation. Studies were performed on 4- to 6- month-old male littermate 

control (WT), Per2-KO, and Perl, 2, 3 triple knockout (Per-TKO) mice as 

indicated.

Blood pressure telemetry

To implant blood pressure telemetry devices, mice were anesthetized with an 

intraperitoneal injection of ketamine and xylazine and a neckline incision was 

made. Mice were instrumented with an arterial catheter connected to an 

implantable transducer (model TA11PA-C10; Data Sciences International, St. 

Paul, MN) to monitor arterial pressure and locomotor activity 24 hours a day by 

telemetry in unrestrained mice. The tip of the telemeter catheter was inserted in 

the aortic arch via the left common carotid artery and the transducer was 

implanted subcutaneously in the abdomen. The incision was closed with 5-0 

nylon sutures. Following surgery, the mice were housed in individual cages and 

allowed at least 6 days for recovery. Mice were given ad libitum access to water 

and either standard rodent chow a (0.3% salt diet, Teklad, TD8604) or on a low 

salt diet (0.01-0.02% salt, TD90228). Baseline recordings of MAP, locomotor
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activity, and heart rate were then taken every 10 minutes with the DataQuest 

System (Data Sciences International, St. Paul, MN) continuously as indicated. 

Values were averaged over 3 hour intervals.

The effect of light cycle on blood pressure and locomotor activity

In WT and Per2-KO mice we assessed the influence of the standard 12:12-h 

light-dark schedule (LD) versus conditions of constant darkness (DD), or free 

running conditions, on cardiovascular rhythms and activity. Studies were 

performed on 9- to 12- week-old male Per2-KO and control mice. Radiotelemetric 

transmitters were implanted for blood pressure telemetry. Mice were allowed to 

recover for 6 to 15 days following surgery and kept on a standard 12h/12h LD 

cycle. Baseline recordings of MAP, locomotor activity, and heart rate were then 

taken for 5 continuous days. Mice were then transferred to constant darkness 

(DD) to determine the effect on locomotor activity as well as cardiovascular 

rhythms. Mice were given 6 days to acclimate in DD, and then 6 days of 

recording were taken.

Angiotensin II Infusion studies.

Angiotensin II was used to induce hypertension in WT and Per2-KO mice for 4 

weeks. The treated mice were implanted with mini-osmotic pumps in the 

intrascapular region (Alzet 2004) that delivered Ang II at a dose of 1000 

ng/kg/min. After 1 week of Ang II infusion in standard LD conditions, the mice 

were transferred to DD for the remainder of the study. 4 days of recording were
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taken at the end of week 2 and then at the end of week 3. (Recording at the end 

of week 4 for 3 days was also taken.) In order to determine the effect of light 

cycle on blood pressure and locomotor activity, mice were transferred to constant 

darkness (DD). Mice were given 6 days to acclimate in DD, and then 6 days of 

recording were taken. Upon return to LD, the mice were allowed to acclimate for 

3 days and then 6 days of recording were taken.

Morphometry

After completion of Ang II blood pressure recordings, mice were anesthetized, 

exsanguinated, and perfused through the left ventricle with 0.9% saline. Aorta 

was harvested and processed for frozen sectioning. The abdominal aortas were 

quickly thawed, dissected in formalin, cut into 3 mm segments, and frozen in 

OCT. Aortae were cut into 5 pm sections for quantitative analysis of blood vessel 

structure. Aortic sections were stained with van Giesen stain. Wall thickness was 

measured directly as the distance between the external elastic lamina and the 

internal elastic lamina.

Per2,3-KO study with exogenous Angiotensin II and light cycle disruption

Angiotensin II via mini-osmotic pump was used to induce hypertension in 11 

week-old male WT and Per2,3-KO mice for 4 weeks. Mice were allowed to 

recover in standard LD conditions and then subjected to an altered light cycle 

protocol (mimicking shift work)- After 1 wk of Angll infusion under standard LD 

conditions, the mice were placed in DD for 1 wk. Mice were returned to LD after
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one wk. After 6 days mice were placed in DD. Following 4 days in DD, mice were 

returned to LD for 4 days. Mice were then placed in DD for 1 wk.

Exogenous Angll infusion in Per-TKO mice

Studies were performed on 16-20 week-old male Per1,2,3-KO (Per TKO) mice. 

The angiotensin II infused group of mice was kept on a light-12h dark cycle. The 

other group of mice was kept in DD for 4 weeks. The treated mice were 

implanted with mini-osmotic pumps in the intrascapular region (Alzet 2004) that 

delivered Ang II at a dose of 1000 ng/kg/min. Ang II was continuously 

administered to Per TKO mice for 4 weeks.

Morphometry

After completion of Ang II administration, mice were anesthetized, 

exsanguinated, and perfused through the left ventricle with 0.9% saline. Aorta 

was harvested and processed for frozen sectioning. Aortae were fixed in 4% 

phosphate-buffered formaldehyde, frozen in OCT, and cut into 5 pm sections for 

quantitative analysis of blood vessel structure. Aortic sections were stained with 

van Giesen stain. Wall thickness was measured directly as the distance between 

the external elastic lamina and the internal elastic lamina.

The effect of low salt diet in Per-TKO mice

Studies were performed on 3- to 5- month-old male littermate WT and Per1-Per2- 

Per3-Triple KO (Per-TKO) mice. Mice were housed in individual cages and 

allowed at least 1 week for recovery in standard LD conditions. Ad libitum
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access to water and a normal salt diet (8604 Teklad Rodent Diet, Harlan 

Laboratories Inc, Madison, Wisconsin) was provided for the mice. Baseline 

radiotelemetric recording was taken for 1 week. Values were averaged over 3 

hour intervals. Mice were then placed on a 0.01 % NaCI low salt diet (TD.90228, 

Harlan) and telemetric recording was started after 3 days. After 2 weeks of low 

salt diet, losartan (Sigma Aldrich) at a concentration of 0.6 g/L was administered 

via drinking water for 5 days. Losartan was then discontinued and low salt diet 

was maintained.

Losartan treatment

WT and Per-TKO mice were that were on low-salt diet were then administered 

the angiotensin 1 receptor blocker (AT1) in drinking water (0.6 g/L).

Spironolactone treatment

Spironolactone (0.1g/L, Sigma Aldrich) was given via drinking water in 

conjunction with low salt for 12 days.

Light cycle derangement study

For the study conducted in an accelerated light cycle to derange circadian 

rhythms in WT mice, the LD cycle was shortened from 12 hr: 12 hr L:D to 4hr:4hr 

L:D while the WT mice were continued on low salt diet. Radiotelemetric 

recording of blood pressure was continued for 6 weeks.

Circadian oscillation studies in Per-TKO mice
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WT and Per-TKO mice (WT n=4, KO n=4 per timepoint) were sacrificed at 6 hour 

intervals for 42 hours. Blood was collected and tissues were harvested, flash 

frozen in liquid nitrogen, and stored at -80°C for future QPCR analysis.

Tissue harvesting

Mice were anesthetized, exsanguinated, and perfused through the left ventricle 

with 0.9% saline. Heart and kidney weights were obtained. Terminal blood was 

collected and tissues were harvested, flash frozen in liquid nitrogen, and stored 

at -80°C for future analysis. Aortae were fixed in 4% phosphate-buffered 

formaldehyde for morphometric and histological analysis. Aortae were cut into 5 

pm sections for quantitative analysis of blood vessel structure. Aortic sections 

were stained with van Giesen stain. Wall thickness was measured directly as the 

distance between the external elastic lamina and the internal elastic lamina.

The effect of a long-term low salt diet in Per-TKO mice

For the young group, studies were performed on 5- month-old male WT and 

Per1-Per2-Per3-Triple KO (Per-TKO) mice and 3-month old female mice. The 

aged group consisted of 9- to 11- month-old males and 10- to 13- month-old 

females. Mice were housed in standard LD conditions with ad libitum access to 

water and a normal salt diet (8604 Teklad Rodent Diet, Harlan Laboratories Inc, 

Madison, Wisconsin). Blood samples were taken via saphenous vein for plasma 

collection. Body weight was measured prior to starting low salt diet. Mice were 

then placed on a 0.01% NaCI low salt diet (TD.90228, Harlan Laboratories Inc, 

Madison, Wisconsin) for 24 weeks.
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Measurement of plasma renin

Blood was collected from mice and plasma was isolated. 10 uL of each plasma 

sample was used as indicated in the Mouse Renin 1 DuoSet (R&D Systems), an 

ELISA development kit for the determination of renin concentration. For the pre- 

and post- low chronic low salt study, plasma renin concentration was measured 

by incubation of plasma samples with an excess of rat angiotensinogen in the 

presence of EDTA (0.02 M) for 30 min at 37°C. Radioimmunoassay using a 

commercially available kit (Cat# 1553; DiaSorin, MN, USA) was used to quantify 

Ang I generated in plasma samples.

Real-time quantitative PCR

Total RNA was isolated from mouse kidneys and aortae using the PureLink® 

RNA Mini Kit (Ambion). cDNA was synthesized using iScript cDNA synthesis kit 

(Bio-Rad, Hercules, CA). Quantitative real-time PCR was carried out using a 

SYBR Green Supermix (Bio-Rad) and relative gene expression was assessed 

with the following primers; reninl (forward primer,

ACGCACCGCT ACCTTT G AACGAA; reverse primer,

CACGGGGGAGGTAAGATTGGTC), AT1 (forward primer,

CTTCGGCCAGCGTCAGTTTC; reverse primer, GCCAAGCCAGCCATCAGC). 

Data was quantified by the AACT method and values were normalized with 

respect to GAPDH or 18S rRNA.

Western blot
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Mouse aortae were dissected free of fat and crushed in liquid nitrogen. Protein 

was extracted and loaded onto 10% SDS-PAGE gels. Renin (Novus, catalog # 

57986, 1:1000 dilution) expression was detected with anti-rabbit polyclonal 

antibodies (Cell Signaling), and detected with enhanced chemiluminescence 

(ECL kit, Amersham) by autoradiography. AT1 receptor expression was detected 

with an anti-goat polyclonal antibody (Novus, catalog # 57073). Image J software 

was used for densitometry.

Cell culture, siRNA and Angiotensin II treatment

Human aortic smooth muscle cells (HASMCs) were cultured in smooth muscle 

cell basal medium. Per2 siRNA (Silencer® Pre-designed siRNA, Ambion) sense 

(CCACCCAUACACCAAAUUGtt), antisense( CAAUUUGGUGUAUGGGUGGtt). 

Lipofectamine® RNAiMAX Transfection Reagent (Invitrogen) was used for siRNA 

delivery. Cells were lysed and total RNA was isolated as described previously. 

Quantitative real-time PCR was used to confirm knockdown of Per2 with the 

following primers (forward primer, GCGCCTCTGACCCGTGATG; reverse primer, 

GTGAGCCGGAGCCCAGAG). Cells were treated for 24 hours with 100 nmol/L 

Angiotensin II (Sigma) and harvested for Western blot analysis.

Real-time quantitative PCR

Total RNA was isolated from mouse kidneys, hearts, and suprachiasmatic nuclei 

using the PureLink® RNA Mini Kit (Ambion). cDNA was synthesized using 

iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative real-time PCR
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was carried out using a SYBR Green Supermix (Bio-Rad) and relative gene 

expression was assessed with the following primers: reninl (forward primer, 

ACGCACCGCTACCTTTGAACGAA; reverse primer, 

CACGGGGGAGGTAAGATTGGTC ), AT1 (forward primer, 

CTTCGGCCAGCGTCAGTTTC; reverse primer, GCCAAGCCAGCCATCAGC), 

BrnaH (forward primer, CAGAGCCGGAGCAGGAAAAATAGG; reverse primer, 

CAGGGGGAGGCGTACTTGTGATGT), a1 adrenergic receptor (forward primer, 

AAGAAGCGAGCCCGGAGTTTGAG ; reverse primer, 

TGGCCCTGGAGCTTCGTTTATCTG), chymase (forward primer,

GCCCCCTGCTGTCTTTACCA; reverse primer, 

AGGGACCAGGCAGGGCTTCAG), ENaC (forward primer, 

GCCCCATTCTGCCTCCATAC; reverse primer,

CACGCTTGTCCCCCTTGCCCAGTC), ANP (forward primer, 

TCACCCTGGGCTTCTTCCTCGTCT ; reverse primer, 

TGCGGCCCCTGCTTCCTCA) Data was quantified by the AACT method and 

values were normalized with respect to GAPDH or 18S rRNA.

Macrophage isolation

1 mL of thioglycolate was injected into Per2-Luc mice prior to collection. 

Peritoneal cells were collected by lavage and red blood cells were lysed with 

hypotonic buffer. Peritoneal macrophages were isolated from Per2-Luc mice 3 

days after injection with thioglycolate and isolated macrophages were cultured in 

complete RPMI medium.
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Statistical analysis

Comparisons were made with 2-way ANOVA and 1-way ANOVA with a 

Bonferroni posttest or with unpaired Student t tests. SEM was used for error 

bars. Differences were considered statistically significant when P<0.05. Graph 

pad Prism (GraphPad Software Inc., La Jolla, CA) and cosinor analysis (Refinetti 

R, Lissen GC, Halberg F (2007) Procedures for numerical analysis of circadian 

rhythms. Biol Rhythm Res 38: 275-325. doi:10.1080/09291010600903692. 

PubMed:23710111.) were used for analysis of data.
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CHAPTER III: RESULTS

Blood Pressure Rhythm Is Sustained in Per-KO Mice Despite Loss of 

Locomotor Rhythm in Free Running Conditions

Recent studies have demonstrated the importance of the circadian clock 

in baseline blood pressure rhythm in normal light cycle conditions (Curtis et al., 

2007; Masuki et al., 2005; Sei et al., 2008; Stow et al., 2012; Viswambharan et 

al., 2007). Given the significant impact of free running conditions to worsen 

locomotor rhythm in circadian clock mutant mice, we sought to determine blood 

pressure rhythms in Per2-KO mice in conditions of constant darkness which 

directly impairs circadian function in mice with circadian clock mutation. In 

standard light dark/LD conditions (12 hours light and 12 hours dark), blood 

pressure did not differ between WT and Per2-KO mice (Figure 8A). With regard 

to locomotor activity in LD, movement of mice at night versus day exhibited a 

circadian rhythm in both WT and the circadian clock dysfunctional Per2-KO mice 

(Figure 9). However acclimating mice to constant darkness (DD), effectively 

impaired the activity rhythm in the Per2-KO mice but not WT mice, as expected 

(Figure 9). Despite the loss of activity rhythm in DD in Per2-KO mice, blood 

pressure rhythm remained intact in both WT and Per2-KO mice. (Figure 8B). 

Under the DD conditions for 6 days, resting (daytime) blood pressure of Per2-KO 

mice did modestly increase averaging 119±2.34 mmHg versus 114±2.99 mm Hg 

in WT mice (Figure 8B). Also, while WT mice appeared to have a phase delay
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in BP rhythm in response to DD, Per-KO mice did not exhibit this response. 

Returning Per2-KO mice to LD from DD allowed a gradual restoration of the 

original phase, yet both daytime and nighttime blood pressure were elevated. 

(Figure 8C).
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Figure 8. Basal blood pressure rhythm is maintained in Per2-KO mice in LD 
and DD conditions. Radiotelemetric transmitters were placed in WT and Per2- 
KO mice. (A) In LD conditions, blood pressure exhibited a circadian rhythm in 
Per-2 KO mice that was indistinguishable from WT mice in LD conditions, shown 
as blood pressure trace (left panel) and day/night quantification (inset). (B) 
Placement of mice in DD conditions caused a phase change in blood pressure 
rhythm (peaks and troughs were temporally shifted), however, rhythm persisted 
(n=6, *p<0.05). 1-way ANOVA was used to compare differences in blood 
pressure values. (C) Blood pressure in Per2-KO mice was significantly higher 
following return to LD from DD.

Locomotor Activity |WT
I Per2-KO

LD DD

Figure 9. Rhythmic locomotor activity is abolished in Per2-KO mice in 
constant darkness. Locomotor activity was derived from radiotelemetry and 
quantified by averaging values during peaks (night) and troughs (day) of activity 
traces in condition of LD and DD. (n=6, *p<0.05, 1-way ANOVA). In free running 
conditions, WT mice showed a clear day/night difference in activity whereas the 
activity rhythm was lost in Per2-KO mice.
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Angiotensin II infusion causes non-dipping hypertension in Per-KO mice

While the former studies were implemented in baseline conditions, we sought to 

determine if the response to experimentally-induced hypertension was 

conditioned by circadian clock gene dysfunction. Thus, WT and Per2-KO mice 

were infused with Angiotensin II (Ang II), a potent pressor and anti-natriuretic 

peptide which is a significant target in the treatment of hypertension and is used 

to raise blood pressure in experimental animal models. As observed in Figure 

8A, baseline blood pressure and activity rhythms were not different between WT 

and Per2-KO mice (Figure 10A), (Fig. 11 A). Exogenous administration of Ang II 

in LD conditions caused a dramatic increase in blood pressure in the mice, but 

the elevation and rhythm of blood pressure was similar in WT and Per2-KO mice 

(Figure 10B) although activity was decreased in Per2-KO mice (Figure 11B). 

However, when mice were placed in free running conditions (DD) for 1 week, the 

blood pressure response was much different. In DD, Ang II caused a robust 

impairment in the blood pressure rhythm of Per2-KO mice (Figure 10C; 

WT=85.1% and Per-2 KO=61.6%, robustness analyzed by Cosinor). The mean 

blood pressure over 24 hours was significantly higher in Angll-infused Per2-KO 

mice (WT= 140.8±3.88 mm Hg and Per2-KO=150.4±1.46 mm Hg, Figure 10D). 

The overall elevation in blood pressure in Per2-KO mice was due to non-dipping 

blood pressure during the rest period. During the subjective day, blood pressure 

averaged 134.3±2.58 mm Hg in WT mice versus 150.3±1.70 mm Hg in Per2-KO 

mice (Figure 10E), while during subjective night, blood pressure did not differ 

between WT and Per2-KO mice.(nighttime WT MAP=145.9±5.31 mm Hg and
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nighttime Per2-K0 MAP= 150.9±3.17 mm Hg). Locomotor activity was 

decreased, and arrhythmic as expected, in Per2-KO mice despite the daytime 

elevation in blood pressure (Figure 11C).
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Figure 10. Per2-KO mice display non-dipping hypertension when 
administered Ang II in DD conditions. (A) Baseline blood pressure in LD is 
similar between WT and Per2-KO mice. (B) Angiotensin II was administered by 
osmotic mini-pumps (Alzet 2004) to mice at a dose of 1000 ng/kg/min which 
caused hypertension in WT and Per2-KO. After 1 week, blood pressure was 
elevated in LD conditions but there was no difference between WT and Per-2 KO 
mice. (C) Mice were placed in DD for 2 weeks while administered Ang II. Under 
these conditions, a robust impairment in the blood pressure rhythm occurred in 
Per2-KO (n=4, *p<0.05, 2-way ANOVA followed by a Bonferroni post-test used to 
compare the difference between groups.) (D) Mean blood pressure over 24 hours 
is significantly higher in Per2-KO (WT= 140.8±3.88 mm Hg and Per2-
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KO=150.4±1.46 mm Hg. (E) Blood pressure values were then analyzed by 
segregating values to nighttime and daytime. Daytime blood pressure was 
significantly higher in Per2-KO mice, while nighttime blood pressure did not differ 
from WT mice (WT daytime blood pressure=134.3±2.58 mm Hg and Per2- 
K0=150.3±1.70 mm Hg. Nighttime WT=145.9±5.31 mm Hg and nighttime Per2- 
KO= 150.9±3.17 mm Hg.) (n=4, *p<0.05,1-way ANOVA was used to find the 
difference in means.)
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Figure 11. Uncoupling of blood pressure and activity rhythms in Per2-KO 
mice. A) Baseline locomotor activity is similar between WT and Per2-KO mice. 
(B) After 1 week of Angiotensin II administration in LD, rhythmic locomotor 
activity is decreased in Per2-KO mice compared to WT mice. (C) Locomotor 
activity rhythm is abolished in Per2-KO mice in after 2 weeks of Angll in DD 
conditions, yet WT mice are unaffected.

Per2-KO mice exhibited increased daytime water intake, which may correlate 

with the decreased dipping of daytime blood pressure observed (Fig. 12).

Ang II

eg
c  4! 1*0

DAY
7am-7pm

NIGHT
7pm-7am

Figure 12. Angll treated Per-2 KO mice show increased daytime water 
intake

To determine if the day time elevation in blood pressure caused an increase in 

blood vessel wall thickness, an index of vascular disease, aorta were harvested 

from vehicle treated and Ang II treated mice. WT and Per2-KO mice exhibited no 

differences in wall thickness under baseline conditions (Figure 13A, 13B).
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However, after the Ang II treatment, wall thickening was observed in WT mice 

(Figure 13D) but this detrimental effect was worsened in Per2-KO mice (Figure 

13E). Aortic wall thickness was further increased in Per2,3-KO mice 

administered exogenous Angll (Figure 14), establishing congruence of 

phenotype in mice lacking two isoforms of Period. Similarly, exogenous Ang II 

infusion in mice lacking all three isoforms of Period (Per-TKO) mice in LD 

increased aortic wall thickness (Figure 15).

Cbntrol

WT

Control+ Ang II

 ̂ WT

Figure 13. Increased wall thickness in Ang ll-treated Per2-KO mice. (Upper 
panel) Van giesen staining of aortic cross sections showed similar wall thickness 
in untreated WT (A) and Per2-KO mice (B), quantified by morphometry (C). 
(Lower panel) After Angll infusion chronically by osmotic minipump, 
representative cross sections of aorta from WT mice reveal a subtle increase in 
wall thickness (D), that is exacerbated in the Per2-KO mice (E), quantifed by 
morphometry (F). (n=5, *p<0.05, Unpaired Student t test)



Baseline blood pressure

WT
Data points: 30
Range: 101.9689 to 128.98331

Period = 24.0 h 
F (2,27) = 119.169
p < 0.000001
Robustness = 88.24

Fter2-KO
Data points: 30
Range: 104.7878 to 132.8156

Period * 24.0 h 
F (2,27) = 116.996
p < 0.000001
Robustness = 87.94

Hesor = 116.5628 
Amplitude = 11.972 
Acrophase = 129"

= 8.59 h 
= 08 h 35 min

3 weeks of Angll
WT
Data points: 30
Range: 125.5203 to 156.685

Hesor = 120.1904 
Amplitude = 11.783 
Acrophase = 103"

= 6.88 h 
- 06 h 53 min

Fter2-KO
Data points: 
Range

30
140.18179 to 161.0;

Period = 24.3 h 
F (2,27) = 91.811
p < 0.000001
Robustness = 85.14

Period = 23.4 h 
F(2,27) = 24.744 
p = 0.000013 
Robustness = 61.64

Hesor = 139.768 Hesor = 150.8089
Amplitude = 11.8472 Amplitude - 6.031
Acrophase = 118" Acrophase = 28*

= 7.98 h 
= 07 h 59 min

Table III. Cosinor analysis of blood pressure rhythm.
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Average wall thickness of thoracic aorta

n=3 n=4

Figure 14. Angiotensin II infusion and light cycle shifting increases 
vascular hypertrophy in Per2,3-KO mice. Following chronic Angll infusion by 
osmotic minipump, morphometric analysis of aortic cross sections from WT and 
Per2,3-KO mice show an increase in wall thickness of Per2,3-KO mice as 
compared to WT. (n=4, *p<0.05, Unpaired Student t test)

Thoracic aortic wall thickness after 4 wks

□  LD+Angll

LD+Angll

n=5 n=4

Figure 15. DD conditions and Angll administration independently increase 
wall thickness in Per-TKO mice. Angiotensin II infusion increases aortic wall 
thickness in Per-TKO mice while 4 weeks of DD leads to similar wall thickening, 
quantifed by morphometry (n=5, *p<0.05, Unpaired Student t test).
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A Low Salt Diet Causes Non-Dipping Hypertension during Circadian 

Dysfunction: Restoration to Normal Blood Pressure Rhythm by AT1 

Receptor Blockade

A low salt diet is a potent stimulus to stimulate the endogenous renin- 

angiotensin-aldosterone system in humans(Oliver et al., 1975) and animals 

(Ingelfinger et al., 1986a). However, a low salt diet is generally perceived to 

improve and lower blood pressure, despite this established response to increase 

renin and Ang II. To determine the impact of the endogenous angiotensin II 

pathway in the context of circadian dysfunction, we next undertook studies to 

stimulate the endogenous renin-angiotensin system by administration of a low 

salt diet and examined the effect on blood pressure. Using the Period isoform 

triple knockout mice (Per-TKO) fed a normal salt diet, we found that Per-TKO 

mice had similar blood pressure to WT mice in LD conditions (Figure 16A), and 

Per2-KO mice (Figure 8A, 10A) although basal heart rate (HR) lacked circadian 

variation (Figure 17A). After mice were placed on a low salt diet for 3 days, the 

WT mice exhibited a reduction in blood pressure, falling from ~130 mmHg peak 

blood pressure (Figure 16A), to ~122 mmHg (Figure 16B), with a comparable 

drop in blood pressure troughs (105 mmHg to 98 mmHg), thus exhibiting the 

expected blood pressure drop in response to low salt conditions. However, in 

Per-TKO mice the response to low salt diet was completely different and 

unexpected. In Per-TKO, the rhythm in blood pressure was abolished by the low 

salt diet, resulting in non-dipping blood pressure (Figure 16B), which surprisingly 

recapitulated the findings observed by exogenous Ang II administration (Figure
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10). With low salt, daytime blood pressure was significantly elevated in Per-TKO 

mice (WT= 104.5± 2.86 mm Hg and Per-TKO=118.7±4.60 mm Hg, Figure 16B). 

This elevation in blood pressure abolished the circadian rhythm in Per-TKO mice, 

while blood pressure rhythm was maintained in WT mice (daytime WT =104.5 

±2.86 mm Hg and nighttime WT= 118.8± 5.23 mm Hg.) The 24 hour average 

blood pressure was also higher in Per-TKO mice (WT=111,6±0.33 mm Hg and 

Per-TKO=121.5±0.59 mm Hg, Figure 17C). Additionally, linear regression of 

the graph of MAP (Figure 16A, 16B) and HR (Figure 17A, 17B) revealed that 

Per-TKO mice exhibit a reduced slope in the blood pressure vs. heart rate 

relationship, indicative of impaired reflex responses (Figure 18). To determine if 

non-dipping blood pressure in the Per-TKO mice caused by low salt was 

dependent on the angiotensin signaling pathway, we administered the mice the 

ATi receptor antagonist losartan. As expected for an antihypertensive 

compound, losartan decreased blood pressure in both Per-TKO and WT mice. 

However, losartan also restored the blood pressure rhythm in Per-TKO mice 

(Figure 16C). Blood pressure rhythm in Per-TKO mice was abolished with 

removal of losartan from the drinking water after 4 days (Figure 19A). In contrast 

to losartan, administration of the aldosterone antagonist spironolactone lowered 

blood pressure but was ineffective in restoring blood pressure rhythm (Figure 

19B).
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Figure 16. A low salt diet causes non-dipping hypertension during 
circadian dysfunction. (A) Blood pressure measured on a 0.3% salt diet 
(TD8604) diet (Teklad) which is the standard mouse diet, shown as blood 
pressure trace (left panel) and night/day quantification (right panel). (n=5) (B) 
Mice were then placed on a 0.01-0.02% low salt diet (TD90228) which caused 
non-dipping hypertension in Per-TKO mice, but did cause an expected reduction
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in blood pressure in WT mice. Daytime blood pressure was significantly elevated 
in Per-TKO mice compared to WT mice (n=4, *p=0.0002) while in WT mice 
nighttime blood pressure was significantly higher than daytime pressure (n=5, 
t p=0.0002). (C) WT and Per-TKO mice that were on low-salt diet were then 
administered the angiotensin 1 receptor blocker (AT1) losartan in drinking water 
(0.6 g/L). Losartan lowered blood pressure, in both WT and Per-TKO mice, but 
also partially restored the circadian variation in blood pressure in Per-TKO mice.
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Figure 17. Diminished circadian variation in heart rate in Per-TKO mice. (A)
While WT mice show circadian variation in heart rate, Per-TKO mice lack 
rhythmicity under basal conditions. (B) On a low salt diet, heart rate decreases in 
WT mice and shows increased variation in Per-TKO mice. (C) Average daytime 
blood pressure is decreased in WT mice while Per-TKO mice exhibit elevated 
daytime blood pressure on a low salt diet.
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Figure 18. Per-TKO mice exhibit a reduced slope in the blood pressure vs. 
heart rate relationship. (A) WT mice on a normal salt diet show a linear 
relationship between mean arterial pressure and heart rate. (B) At baseline, heart 
rate in Per-TKO mice is decreased and is not inversely proportional to MAP. (C) 
Although a low salt diet reduces blood pressure in WT mice, the relationship 
between MAP and HR is unaffected. (D) With low salt, Per-TKO mice show a 
reduced slope and the linearity of the heart rate vs. blood pressure relationship is 
further decreased.
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Figure 19. Spironolactone does not fully restore circadian rhythm in blood 
pressure in Per-TKO mice on low salt diet. (A) After losartan administration 
was interrupted, mice were resumed on the standard water, and blood pressure 
returned to non-dipping in Per-TKO mice. (B) The mice were then administered 
the aldosterone antagonist spironolactone in drinking water (0.1 g/L), which 
lowered blood pressure, but did not fully restore rhythmic blood pressure.

While circadian clock mutant mice are crucial in elucidating our understanding of 

the role of the circadian clock in the cardiovascular system, light-cycle
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derangement in WT mice may more accurately mimic perturbed states such as 

shift work and sleep disruption that are more common in human conditions while 

also confirming that the effects are circadian rhythm dependent. Thus, we next 

subjected WT mice that were administered a low salt diet to a dramatically 

shortened light-dark cycle (4:4 hr LD conditions). After 18 days of the shortened 

light-cycle, rhythmic blood pressure was intact (Figure 20A), but as time 

progressed to 31 days (Figure 20B) and even longer to 43 days, rhythmic blood 

pressure was abolished in WT mice (Figure 20C) while the arrhythmic blood 

pressure also persisted in the long-term in Per-TKO with the chronic low salt 

(Figure 20D). The effect of low salt in the long-term was detrimental to the 

vasculature, as aortas from Per-TKO mice (Figure 21) showed significantly 

increased wall thickening indicative of vascular disease. In addition to increased 

vascular disease, Per-TKO mice on a chronic low salt diet displayed cardiac 

hypertrophy (Figure 22A) and decreased body weight (Figure 22B). Increased 

Bmall expression in kidney of Per-TKO mice suggests that low salt also affects 

the circadian clock in the presence of circadian dysfunction (Figure 29B).
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Figure 20. A shortened LD cycle leads to a gradual loss of blood pressure 
rhythm in WT mice. (A) The LD cycle was shortened from 12hr:12hr L:D to 
4hr:4hr L:D while mice were maintained on a low salt diet. (n=4) A drastically 
shortened light cycle initially did not affect blood pressure rhythm in WT mice in 
days 1-18, and circadian rhythm in blood pressure persisted. (B) However, after 
3 weeks of being subjected to 4hr:4hr L:D WT mice began to show a blunted 
rhythm with decreased peak-to-trough distance shown as the trace of mean 
arterial blood pressure. (C) By -5  weeks (32 days) blood pressure rhythm was 
abolished in WT mice. (D) Blood pressure analysis of telemetric data during 
conditions of shortened light cycle revealed that blood pressure rhythm was 
abolished in WT mice while the ablation of rhythm persisted in Per-TKO mice on 
a chronic low salt under a 4hr:4hr L:D cycle.
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□  W T  
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Per-TKO

Figure 21. A low salt diet causes vascular disease. (A) Quantitative 
morphometry of the aorta and Van Giesen staining of aortic cross sections 
isolated from WT and Per-TKO mice under conditions of chronic low salt, showed 
exacerbated wall thickening in Per-TKO mice (C) compared to WT mice (B)
(n=5, *p<0.05, Unpaired Student t test).
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Figure 22. Chronic low salt affects physiological parameters in Per-TKO 
mice. (A) Per-TKO mice on a chronic low salt diet exhibit cardiac hypertrophy 
(n=4 per group, *p<0.05, Unpaired Student t test). (B) Body weight is decreased 
in both WT and Per-TKO mice on a chronic low salt diet (n=4 per group, *p<0.05, 
1-way ANOVA).
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Low salt diet and circadian dysfunction impair regulation of the renin- 

angiotensin pathway

A low salt diet is a potent stimulus for the endogenous renin-angiotensin system. 

To determine if a low salt diet caused misregulation of this pathway, we first 

measured renin levels in cardiovascular tissues in WT and Per-TKO. WT and 

Per-TKO mice on a normal salt diet displayed a similar pattern of renin mRNA 

expression in kidney (Figure 23). On a low salt diet, renin mRNA expression in 

kidney was increased approximately 2-fold in Per-TKO compared to WT (Figure 

25A). Plasma renin concentration was significantly elevated as well as measured 

by two distinct assays (Figure 24, Figure 25B). Within the vasculature, renin 

protein expression in aorta also showed a significant increase in Per-TKO mice 

(Figure 25C). Thus, circadian clock dysfunction increased renin, which is a key 

enzyme that ultimately leads to the pro-proliferative and hypertensive peptide 

Ang II. Per-TKO mice also showed an approximately 12 hour phase advance in 

expression of atrial natriuretic peptide (ANP) in heart, a regulator of renin, 

compared to WT mice (Figure 26).
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Figure 23. Basal renin expression is similar between WT and Per-TKO mice.
Kidneys were harvested from WT and Per-TKO mice in LD at 6 hour intervals for 
42 hours under normal diet conditions. Q-PCR analysis revealed similar relative 
mRNA renin expression in WT and Per-TKO mice on a normal salt diet.
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Figure 24. Low salt increases plasma renin in Per-TKO mice. (A) 6 months of 
low salt increased plasma renin in Per-TKO mice. Plasma samples were 
incubated with an excess of partially purified rat angiotensinogen at 37°C. A 
commercially available kit was used to quantify Ang I generated in the plasma by 
radioimmunoassay. Analysis of samples were blinded by coding (WT n=7-10,
KO n=7-9, *p<0.05, 1-way ANOVA).
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Figure 25. Low salt alters the renin-angiotensin pathway in Per-TKO mice.
(A) The level of renin expression in kidney was measured by qRT-PCR. Kidney 
renin expression in Per-TKO was increased over 2-fold compared to WT in 
conditions of low salt. (B) Plasma renin concentration was determined with an 
ELISA kit (Mouse Renin 1 DuoSet, R&D Systems). Per-TKO mice display a 
significant elevation in plasma renin (*p<0.05, Unpaired Student t test). (C) In 
aorta, renin expression was determined by Western blotting which also showed a 
significant increase in renin in low salt-treated Per-TKO mice. Shown as western 
blot of three representative WT and three representative Per-TKO mice and 
densitometry (WT n=5, KO n=3, *p<0.05, Unpaired Student t test).
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Figure 26. Altered ANP expression in Per-TKO mice. Hearts from WT and 
Per-TKO mice in LD were harvested at 6 hour intervals for 42 hours under 
normal diet conditions. ANP expression dramatically peaks in Per-TKO mice at 
CT12 and while the peak in WT mice occurs at CT24.
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Further, as the AT1 receptor antagonist losartan restored rhythmic blood 

pressure in Per-TKO mice, we sought to determine whether Period disruption 

directly affects AT1 receptors. Interestingly, we found that the pattern of basal 

AT1 expression differs in Per-TKO mice compared to WT mice. Both WT and 

Per-TKO mice showed circadian oscillation, yet AT1 expression in Per-TKO mice 

displayed a phase delay in aorta (Figure 27A) and kidney (Figure 27C). AT1 

expression in the suprachiasmatic nucleus (SON) was unaffected by low salt 

(Figure 29A), suggesting that the effects in blood pressure are not related to the 

central clock. To assess the direct effect of Per2 on AT1, we used an siRNA 

strategy to knockdown Per2 (Figure 28A). Per2 knockdown in HASMCs 

decreases AT1 expression, which was further exacerbated with Angll treatment 

(Figure 28B, 28C). To determine whether Angll directly affects Per2, Per2-Luc 

macrophages were treated with Angll and subjected to real-time 

bioluminescence monitoring. Per2 promoter activity was decreased in Ang II 

treated cells compared to control cells (Figure 30).
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Figure 27. Per-TKO mice display a phase shift in AT1 expression. Aorta (A) 
and Kidneys (C) were harvested from WT and Per-TKO mice in LD at 6 hour 
intervals for 42 hours under normal diet conditions. Aorta (B) and kidney (C) AT1 
expression show a phase shift with higher daytime expression in Per-TKO versus 
WT mice. Day/night quantification in (B) and (D) reveals that daytime AT1 
expression is higher in Per-TKO mice.
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Figure 28. AT1 receptor expression is reduced with Per2 knockdown. (A)
Relative mRNA expression by Q-PCR of control and Per2 with siRNA 
transfection (50 nmol). (B) Western blotting shows Per2 knockdown decreases 
AT1 receptor expression in HASMCs and is further decreased with 24 hours of 
angiotensin II treatment (100 nmol/L), (C) quantified by densitometry (n=3 per 
group, *p<0.05,1-way ANOVA).
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Figure 29. Low salt affects peripheral clocks in Per-TKO mice. (A)
Suprachiasmatic nuclei were isolated from WT and Per-TKO mice after 6 months 
of a low salt diet. AT1 expression was similar in WT and Per-TKO mice as 
measured by Q-PCR. (B) Chronic low salt induces Bmall expression in kidney of 
Per-TKO mice as assessed by qRT-PCR (WT n=4, KO n=4, *p<0.05, Unpaired 
Student t test).

70



700- 

o) 600- 

i  500-

I 400-

a> 300-

1  200-  
a>
a: 1 0 0 1

0 | I I I I I "  I T  I I I
0 4 8 12 16 20 24 28 32 36 40 44 48

Time (hours)

Figure 30. Angiotensin II decreases Per2 promoter activity in macrophages.
Peritoneal macrophages were isolated from Per2-Luc mice, cultured, and treated 
with Angll (100 nmol/L , Sigma). Per2 promoter activity was measured over 48 
hours by automatic bioluminescence monitoring. Per2-Luc cells treated with 
Angll exhibited a decreased amplitude of Per2 oscillation compared to control 
cells (n=8, *p<0.001, 2-way ANOVA).
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The circadian clock controls genes involved in blood pressure regulation

To further investigate the mechanisms underlying Angll-dependent hypertension 

in Per-TKO mice, we undertook studies to examine components of the renin- 

angiotensin system. We found that a1 adrenergic expression in aorta displayed 

greater oscillation in Per-TKO mice compared to WT (Figure 31 A), with 

decreased nighttime expression (Figure 31B), Further, chymase expression in 

Per-TKO mice displayed a different pattern compared to WT (Figure 31C), with 

daytime elevation (Figure 31D). ENaC also showed a phase advance in Per- 

TKO mice with highest expression at CT18 while WT mice showed highest 

expression at CT24 (Figure 32A). The pattern of (31 expression in kidney differed 

as well with peaks at CT6 in Per-TKO mice and at CT30 in WT mice (Figure 

32B).

72



A.
■WT
■Per-TKO

Aorta
B.

g i-»

£  0.75* 
«7' 0.50

11
0.25-

&0.00-
*

JWT
IKO

I
Circadian time (hours) Day Night

C. D.
z

Aorta

Circadian tima (hours)

Figure 31. Differential expression of chymase and a1-adrenergic receptor 
in aorta. (A) a1-adrenergic receptor expression in aorta of Per-TKO mice 
displays increased oscillation compared to WT mice. (B) Nighttime a1-adrenergic 
receptor expression is decreased in Per-TKO mice. (C) Aorta chymase shows a 
phase advance in Per-TKO mice. (D) Day vs night quantification indicates that in 
Per-TKO mice daytime chymase expression is elevated.
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Figure 32. ENaC and pi adrenergic receptor expression differs in Per-TKO 
mice. (A) Expression of ENaC in kidney of Per-TKO mice peaks at CT18 while in 
WT mice it peaks at CT24, suggesting a phase advance in oscillation. (B) pi 
expression in kidney peaks at CT6 in Per-TKO mice and at CT30 in WT mice.
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CHAPTER IV: DISCUSSION

Studies in mice with genetically mutated circadian clocks have revealed 

the importance of the Bmall clock component in the control of basal blood 

pressure rhythm (Curtis et al., 2007) and the Cryptochrome clock component in 

high salt sensitive hypertension (Doi et al.)- In the current study, we find that 

experimental hypertension induced by angiotensin II infusion caused non-dipping 

hypertension in Period knockout mice, that worsened Ang ll-induced pathological 

vascular remodeling in the aorta. To complement the studies of exogenous Ang 

II infusion, we also determined the effect of a low salt diet, which is a known 

stimulus of the endogenous renin-angiotensin system (Oliver et al., 1975). 

Surprisingly, we found that the low-salt diet caused non-dipping blood pressure in 

circadian clock knockout mice and also in WT mice that were induced to 

circadian derangement by a shortened light cycle. Under both conditions, the 

chronic low salt diet induced vascular damage as indicated by aortic wall 

thickening.

Our initial studies examining blood pressure in Per2-KO mice under 

conditions of constant darkness demonstrated that while WT mice were able to 

maintain the same daily timing of rising and falling in blood pressure rhythm, 

Per2-KO mice were unable to adjust and exhibited a phase shift with a temporal 

advance in the blood pressure curve, yet rhythmic blood pressure persisted. 

Cardiovascular circadian rhythms are not necessarily linked to rhythms of
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locomotor activity and may even be uncoupled as illustrated by our data showing 

that in Per2-KO mice blood pressure rhythm remains intact although rhythmic 

locomotor activity is abolished.

Studies in Per2 KO mice with exogenous Angll revealed dramatic effects 

on blood pressure rhythm and amplitude in free running conditions. In LD 

conditions the extent of blood pressure elevation was similar between WT and 

Per2-KO mice, yet upon transfer to constant darkness in week 2 of Angll infusion 

Per2-KO mice displayed nondipping hypertension and retained this phenotype 

for the remaining duration of the study. A possible explanation for the nondipper 

phenotype only occurring in constant darkness is that light-dark cycles mask 

impaired rhythms which become apparent in constant darkness. In contrast, in 

our studies in mice with deletion of more than one isoform of Period (Per-TKO 

mice), impairment in blood pressure rhythm occurred immediately in standard 

light dark conditions. There are 3 isoforms of Period and some functional 

redundancy. Although blood pressure was not measured in these studies, both 

Per2,3-KO mice and Per-TKO mice infused with Angll showed increased 

vascular disease. Therefore, it is likely that with deletion of all isoforms the 

phenotype is more severe.

While low salt is clearly of benefit in controlling volume-expanded 

hypertension, our data suggests that in conditions of circadian dysfunction, low 

salt hyperactivates the renin-angiotensin system. Indeed, recent human data 

has underscored the possibility that sodium restriction provides an absolute 

health benefit, suggested to have potentially detrimental effects (Alderman, 2010;
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Calhoun et al., 2008; O'Donnell et al., 2014; Thomas et al.). It maybe that in 

humans with dysfunctional or arrhythmic circadian clocks (which do occur as the 

consequence of sleep disorders (Ackermann et al., 2013; Archer et al., 2014; 

Evans et al., 2013; Lippert et al., 2014), shift work (Bracci et al., 2014), and aging 

(Ando et al., 2010) the braking force that the circadian clock exerts on the RAS 

pathway during sodium restriction is released, permitting excessive activation of 

the system to produce these paradoxical effects.

A few studies that have suggested that there are potentially harmful 

effects of low salt in disease. These data support the complexity of sodium 

restriction as a health benefit, which has been demonstrated to have potentially 

detrimental effects in humans (Alderman, 2010b; O'Donnell et al., 2011; Thomas 

et al., 2011). In humans, a low salt diet has been shown to increase insulin 

resistance (Garg et al., 2011) while studies in mice revealed that a low salt diet 

actually increased vascular lesion formation in both the atherosclerotic-prone 

LDL-receptor (Lu et al., 2013) knockout and apoE knockout mice (Ivanovski et 

al., 2005). However, the effect of low salt on ambulatory blood pressure with 

complicating factors such as sleep apnea is not well studied. Our studies 

suggest that during sleep periods, low salt, when accompanied by circadian 

dysfunction, has an unexpected effect to increase blood pressure. These 

effects during low salt were Ang ll-dependent because AT1 receptor blockade 

restored blood pressure rhythm, while, exogenous infusion of Ang II in the Per- 

KO mice (under a normal salt diet) phenocopied the low salt diet experiments 

with regard to a non-dipping blood pressure profile. In addition to renin
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upregulation as a potential mechanism involved in the response, there were 

differences in AT1 receptor expression profile with Period gene dysfunction, 

which potentially could alter Ang II responses. Indeed, low salt is a potent and 

established stimulus to the cause the endogenous production of Ang II 

(Ingelfinger et al., 1986; Oliver et al., 1975). Despite the surprising effect of low 

salt to induce a daytime increase in blood pressure in Per-KO mice, it should be 

emphasized that we did observe the beneficial effect of the low salt diet to reduce 

blood pressure in healthy WT mice.

Conversely, circadian dysfunction may release a restraint on the renin- 

angiotensin pathway that synergizes with a low salt diet to produce a paradoxical 

night-time hypertension (Figure 33). Our data demonstrates that renin is 

upregulated, and the AT1 receptor is phase shifted with Period gene dysfunction, 

which may completely alter or even exacerbate Ang II responses. Indeed, 

blockade of the AT 1 receptor abrogated the impaired blood pressure rhythm 

caused by low salt in Per-KO mice, further supporting the involvement of the 

renin-angiotensin II pathway.
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Figure 33. The circadian clock restrains Angll signaling.

Our data showing that low salt in combination with light cycle 

derangement gradually abolishes blood pressure rhythm in WT mice suggests 

that initially central clock function is impaired and that eventually these effects 

become apparent in the periphery. Additional studies are necessary to determine 

whether these effects persist on a normal salt diet under a shortened light cycle 

as well as the role of individual clock components in the impairment observed. 

Furthermore, our studies showing that the oscillations of genes in blood pressure 

control vary in Per-TKO mice indicate that these genes are under control of the 

circadian clock.

Collectively, our data suggests that circadian dysfunction maybe an 

additional factor that may cause low salt to have unexpected deleterious effects. 

Thus, individuals with sleep apnea or shift workers who might be recommended 

a low salt diet may be more prone to less well controlled blood pressure and
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even hypertension. These data may provide additional insight into the etiology of 

hypertension, the complex effects of sodium restriction in blood pressure 

regulation, and the surprising contribution of the circadian clock.

In conclusion, circadian dysfunction may release a restraint on the renin- 

angiotensin pathway that synergizes with a low salt diet to produce a paradoxical 

night-time hypertension. These data may provide additional insight into the 

etiology of hypertension, the complex effects of sodium restriction in blood 

pressure regulation, and the underlying contribution of the circadian clock.
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CHAPTER V: SUMMARY

Although abnormal circadian patterns in blood pressure have been 

observed in hypertensive patients, the contribution of the circadian clock in 

conditions of hypertension remains poorly understood. The central hypothesis of 

our studies is that circadian clock dysfunction exacerbates Angiotensin ll-induced 

hypertension and consequent vascular disease. Our findings are the first to 

indicate an important role of the circadian clock component Period in blood 

pressure control and in the hypertensive response to Ang II.

We have found that exogenous Ang II infusion or stimulation of the 

endogenous renin-angiotensin system by a low-salt diet causes non-dipping 

blood pressure in circadian clock knockout mice. Few studies have assessed the 

effect of low salt on nighttime/resting blood pressure in conditions of disease, and 

our studies suggest that during sleep periods, low salt, when accompanied by 

circadian dysfunction, has an unexpected effect to increase blood pressure. 

These effects during low salt were Ang ll-dependent because AT1 receptor 

blockade restored blood pressure rhythm. Also, exogenous infusion of Ang II in 

the Per-KO mice (under a normal salt diet) phenocopied the low salt diet 

experiments. Indeed, low salt is a potent and established stimulus to the cause 

the endogenous production of Ang II (Ingelfinger et al., 1986b). While the effect 

of low salt to induce a daytime increase in blood pressure in Per-KO mice was
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surprising, the low salt diet did reduce blood pressure in WT mice as would be 

expected, suggesting that a functional circadian clock may act to restrain the 

renin-angiotensin pathway

Our findings suggest that non-dipping hypertension induced by Ang II is 

circadian clock dependent. Aside from sleep disorders and shift work, there may 

be ‘silent’ circadian dysfunctions (independent of behavioral aberrations) that 

emanate from a ‘broken’ cardiovascular clock. Circadian rhythms and their 

underlying molecular mechanism—the circadian clock—have a profound impact 

on vascular biology.
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APPENDIX

L-NAME induced hypertension in circadian clock mutant mice

Our initial focus was to examine the hypertensive response to L-nitro arginine 

methyl ester (L-NAME), an inhibitor of nitric oxide synthase, in mice with a 

disrupted circadian clock. In order to determine whether mutation of the 

circadian clock affects blood pressure elevation during experimental 

hypertension, we undertook studies to examine the hypertensive response to L- 

NAME in mice with targeted disruption of BrnaH (Bmal1-KO mice), using 

radiotelemetry to monitor blood pressure and activity. Previously we showed that 

nitric oxide signaling was decreased in Bmal1-KO mice.(Anea et al., 2009) We 

initially conducted studies in which the pressor agent L-NAME was administered 

via drinking water to WT and Bmal-1 KO mice and blood pressure, activity, and 

heart rate were measured by radiotelemetry.
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Figure A1. Reduced eNOS and caveolin-1 expression in Bmali-KO mice. In
aorta, Bmal1-KO mice display a decrease in basal eNOS and caveolin-1 
expression.

MATERIALS AND METHODS

Animals. Mice were kept on 12h light-12h dark cycles prior to and while being 

subjected to experimentation. Studies with L-NAME were performed on 4- to 6- 

month-old female wild-type (WT) and Bmal1-KO mice and 9- to 12- week-old 

male Per2-KO and WT mice.

Blood pressure telemetry. Mice were anesthetized with an intraperitoneal 

injection of ketamine and xylazine and a neckline incision was made. Mice were 

instrumented with an arterial catheter connected to an implantable transducer 

(model TA11PA-C10; Data Sciences International, St. Paul, MN) to monitor 

arterial pressure and locomotor activity 24 hours a day by telemetry in 

unrestrained mice. The tip of the telemeter catheter was inserted in the aortic 

arch via the left common carotid artery and the transducer was implanted 

subcutaneously in the abdomen. The incision was closed with 5-0 nylon sutures. 

Following surgery, the mice were housed in individual cages and allowed 5 to 12 

days for recovery. Baseline recordings of MAP and locomotor activity were then 

taken for 4 continuous days.

L-NAME treatment. L-nitro arginine methyl ester (L-NAME), an inhibitor of nitric 

oxide synthase, at a concentration of 1 g/L in drinking water was administered to 

WT and Bmal1-KO mice for 2 weeks and to WT and Per2-KO mice for 3 weeks.
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DD conditions. After 1 week of L-NAME treatment in LD, WT and Per2-KO mice 

were placed in DD while under L-NAME treatment. Mice were given 6 days to 

acclimate in DD, and then 6 days of recording were taken.
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Figure A2. Reduced and arrhythmic blood pressure in Bmal1-KO mice.
(A) At baseline, Bmal1-KO mice exhibited lower blood pressures than WT mice 
as expected. Rhythmic oscillation of blood pressure was also abolished in 
Bmal1-KO mice in LD. (B) With 7 days of L-NAME treatment MAP increased 
modestly by -10 mm Hg in WT and Bmal1-KO mice.
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Figure A3. Bmal1-KO mice exhibit a blunted hypertensive response to L-
NAME. (A) At baseline, Bmal1-KO mice displayed lower daytime MAP. During 
the first week of L-NAME treatment, daytime MAP in Bmal1-KO mice was 
equivalent to that of WT mice, but decreased in the second week. (B) Bmal1-KO 
mice showed a lesser increase in nighttime blood pressure compared to WT in 
the first week of L-NAME treatment. While blood pressure in WT mice remained 
unchanged during second week of L-NAME treatment, in Bmal1-KO mice 
nighttime blood pressure decreased.
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Figure A4. Loss of rhythmic activity in Bmal1-KO mice. (A) Bmal1-KO mice 
displayed arrhythmic locomotor activity as expected. Activity in Bmal1-KO mice 
was decreased compared to WT mice (B) WT mice displayed slightly decreased 
locomotor activity at night while undergoing L-NAME treatment relative to 
baseline activity levels, whereas the activity of Bmal1-KO mice was unaffected.

In Bmal1-KO mice, the hypertensive response to L-NAME was overall blunted. 

Locomotor activity was unaffected by L-NAME treatment in these mice as 

expected since their rhythm was already blunted, and WT mice appear to exhibit 

no major difference in activity when undergoing treatment with L-NAME.
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To determine if the nondipping hypertension observed in Per2-KO mice receiving 

Ang II could be recapitulated by inhibition of nitric oxide, the nitric oxide synthase 

inhibitor L-NAME was administered to WT and Per2-KO mice. WT and Per2-KO 

mice showed a similar pressor response in both LD and DD conditions (Figure 

A5). Mean daily water intake also did not differ between Per2-KO and WT mice. 

However, both groups of mice showed decreased locomotor activity with L- 

NAME treatment. Thus, it seems that L-NAME does not result in an increased 

pressor response in mice with a dysfunctional clock, yet it may have central 

effects. In contrast, the Bmal1-KO mice exhibited a blunted hypertensive 

response to L-NAME (Figure A2), suggesting there are differences in blood 

pressure regulation in positive and negative limb circadian clock mutant mice.

98



150-1 Baseline blood pressure ■ Control
■ Per2 KO

B.

I I I I I 1 ITTTTT m  I~'I I »

( ft tfC  I?  &  «j> J j J C  JSC S>s<- <6- *>• V SK- <fc- <i- *• N<- *■
Time (hrs)

Blood pressure with L-NAME (after 6 days)

E 130-
(L 120

90'*r iT ! | | | | | | | | | | | 1 | | | | | | rTTTT T 1

Time (hrs)

L-NAME in DD

lime (hrs)

Figure A5. (A) Basal blood pressure is similar between WT and Per2-KO mice 
in LD. (B) Elevation in blood pressure in WT and Per2-KO mice is similar after 6 
days of L-NAME administration in LD. (C) The increase in blood pressure in both 
WT and Per-2 KO mice in DD is similar to that in LD. Although Per2-KO mice 
show a phase shift, blood pressure rhythm remains intact with L-NAME.
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Figure A6. L-NAME does not affect water intake in Per2-KO mice.
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Figure A7. Locomotor activity in LD is reduced with L-NAME.
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Conclusions

Bmal1-K0 mice display a blunted response to L-NAME- induced hypertension. 

WT and Per2-KO mice display a similar response to L-NAME in both LD and DD 

conditions. These data suggest that decreasing nitric oxide with the inhibitor L- 

NAME does not exacerbate the hypertensive response in positive or negative 

limb circadian clock mutant mice.
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