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ABSTRACT 

Long-Term Assessment of Cardiac and Behavioral  

Phenotypes in Mice with Chronic Heart Failure 

Megan Mc Manus 

Introduction: Heart failure patients have a significant depression risk, with two-to-three-times 

higher possibility compared to the general population (Rustad et al., 2013). Diminished cerebral 

oxygen supply from reduced perfusion in heart failure may play a role in the development of mood 

disorders (Mueller et al., 2020). Suffering from both conditions increases hospitalization and 

mortality rates compared to patients without depression (Celano & Huffman, 2018). New research 

is needed for better patient outcomes. Previous murine studies induce cardiac impairments acutely 

(Frey et al. 2014). However, progressively induced heart failure studies assessing behavior over 

time are lacking.  

 

Objectives: The aims of this study were: 1) to identify specific timepoints where cardiac 

phenotypes became more pronounced and, 2) to establish a clear link between the severity of 

cardiac impairments and the expression of depressive symptoms. 

 

Methods: The plan was to gradually induce heart failure using viral vectors to modify the 

cardiomyocyte circadian clock through the removal of the clock gene brain and muscle ARNT-

Like 1 (Bmal1) (Young et al. 2014). Cardiac and behavioral phenotypes were assessed using heart 

function and behavior tests. 

 

Results: Immunoblotting analysis revealed no difference in BMAL1 protein levels in control and 

knockout animals. Consistent with the inability to cause heart failure, cardiac and behavioral 

phenotypes tested were not significantly different between control and experimental groups over 

time (p > 0.05).  

 

Conclusion: The heart-brain relationship remains an important research topic. Future experiments 

should test viral vectors efficiency at larger concentrations and measure differences in BMAL1 

protein expression in heart tissue. 
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1.1 Heart failure and depression 

Patients with heart failure have significant risk of developing depression, with a two-to-

three-times higher possibility compared to the general population (Rustad et al., 2013). The 

reciprocal relationship between both conditions also makes someone with depression at increased 

risk of heart failure (Sbolli et al., 2020). Suffering with both diseases increases hospitalization and 

mortality rates compared to patients with cardiac problems, without depression (Celano & 

Huffman, 2018). Unfortunately, the classic therapeutic interventions do not show effective 

reduction of depressive symptoms for individuals with heart disease, suggesting that new research 

is needed to advance the field. Current studies investigate the relationship between both diseases 

by inducing the cardiovascular condition acutely in mice and measuring the effects on mood (Frey 

et al., 2014). However, progressively induced heart failure studies assessing behavior over time 

are lacking.  

1.2 Healthy heart function 

To understand the pathology of heart failure, establishing the function of a healthy heart is 

essential. The heart muscle is responsible for the distribution of blood with vital nutrients and 

oxygen to the peripheral system. As tissue oxygen demands increase, cardiac adaptations meet 

these requirements, which include changes in heart rate, contractility, and modifications to 

peripheral vascular resistance (Delong & Sharma, 2023; Gilbert et al., 2020). The pumping 

mechanism is controlled by cardiomyocytes that are activated by action potentials from pacemaker 

cells in the sinoatrial node (Gilbert et al., 2020). The sinoatrial node manages heart rate with the 

help of the autonomic nervous system (Gordan et al., 2015). Specifically, adrenergic receptors of 

the sympathetic nervous system play a key role in increasing heart rate to meet larger oxygen 
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demands of peripheral tissues (Boyette & Manna, n.d.; Gordan et al., 2015). Understanding how 

the sympathetic nervous system works in cardiovascular function is important because its 

dysregulation can lead to the progression of diseases such as heart failure. 

During hypoxia, the body sustains organ perfusion by adjusting heart rate and systemic 

vascular resistance (Bruss & Raja, 2024; Delong & Sharma, 2023). This is an important adaptation 

to understand because for certain diseases like heart failure, the system will compensate by 

increasing heart rate and vascular resistance in certain areas to enhance the delivery of oxygenated 

blood to hypoxic tissue (Delong & Sharma, 2023). In situations where peripheral vascular 

resistance rises, the system maintains stroke volume by elevating heart contractility or by 

stimulating vasodilation (King & Lowery, 2024; Ledoux et al., 2003). Consequently, the cardiac 

system works to maintain oxygen supply to peripheral tissues. 

1.3 Heart failure 

1.3.1 Prevalence 

Heart failure, a functional impairment of the cardiac muscle that decreases peripheral tissue 

perfusion, is a global health concern (Malik et al., 2024). Currently over 64.3 million people are 

affected by this heart condition, where the prevalence is expected to increase with an aging 

population (Savarese et al., 2023).  This is a concern because the disease puts an extensive burden 

on health care systems (Savarese et al., 2023). In the case of Canadians, the economic impact alone 

amounts to 2.8 billion dollars annually (Yan et al., 2023). Research has a critical role in reducing 

the impact of the disease by increasing the understanding of its symptoms and progression, which 

can help health care practitioners by improving prevention plans and creating future medications. 
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1.3.2 Cardiac remodeling in heart failure 

Heart failure arises from cardiac remodeling, a process that leads to additional dysfunction 

(Azevedo et al., 2016). Changes in the organ’s morphology or pathophysiology causes impaired 

cardiac filling or abnormal blood distribution. Heart failure type will depend on cardiac tissue 

modifications following compensatory mechanisms to a reduced cardiac output. For example, the 

cardiac remodeling of a failing heart with preserved ejection fraction arises secondary to increased 

internal pressures. In this case, exaggerated neurohumoral activation and increased left ventricular 

filling pressure causes structural and physiological changes, while maintaining normal blood 

distribution (Savarese et al., 2023). To follow, when the cardiovascular disease is accompanied 

with reduced ejection fraction, remodeling is specific to overloads following long-term increased 

neurohumoral activation (Mihl et al., 2008; Schwinger, 2021). 

1.3.3 Pathophysiology of heart failure 

 

Figure 1: Ventricle dysfunction in heart failure 

occurs following physiological or physical 

changes, where these changes arise following 

some type of injury to the cardiac tissue 

(Azevedo et al. 2015) 

 

 

 

Symptomatic heart failure 
Asymptomatic heart failure 
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The risk of developing different types of heart failure will differ based on factors such as 

sex, medical history and coexisting cardiac pathologies. Heart failure with preserved ejection 

fraction is more prevalent in female patients, and is often secondary to atrial fibrillation 

(Schwinger, 2021). This form of the heart condition is linked to impaired left ventricle filling 

because of cardiac tissue stiffness (Van Heerebeek & Paulus, 2016). Comparatively, heart failure 

with reduced ejection fraction is more commonly observed in males as a result of myocardial 

infarction, sudden high blood pressure, tachyarrhythmias, or heart valve dysfunction (Ge et al., 

2019; Regitz-Zagrosek, 2020). Both classifications of heart failure share common risk factors, 

including aging, chronic hypertension, diabetes mellitus, obesity, and ischemic heart disease 

(Regitz-Zagrosek, 2020). 

When examining the underlying causes of both types of heart failure, a commonality 

emerges in the form of mechanisms contributing to disease progression. These mechanisms 

include increased oxidative stress and inflammatory markers, which further injure the cardiac 

tissue (Iliesiu et al., 2015). The heart works in conjunction with the autonomic nervous system, 

and a failing heart will prompt adaptations in this neural structure (Gordan et al., 2015). Normally 

the adrenergic nervous system maintains the cardiac output by stimulating the sympathetic 

network in stressful situations (Chu et al., 2024). However, prolonged sympathetic activation in a 

failing heart decreases the adrenergic nervous system’s sensitivity and regulation, disrupts heart 

energy metabolisms, and reduces calcium levels within the cell. These adaptations cause 

worsening cardiac remodeling and dysfunction (Ge et al., 2019; Lymperopoulos et al., 2013). 

In a healthy heart, proper contraction and relaxation is initiated with the release and uptake 

of calcium ions (Hong & Shaw, 2017). However, patients with heart failure have disturbed calcium 
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dynamics within the cardiac cells because of T-tubule remodeling, a structure that plays an 

important role in managing calcium channels (Wei et al., 2010). As a result, impaired calcium 

transport in the cardiac tissue reduces contraction efficiency, making people more susceptible to 

arrhythmias and cardiomyocyte death. For instance, tachyarrhythmias can exacerbate heart failure 

by reducing filling time, consequently decreasing stroke volume and cardiac output (Malik et al., 

2024).  

1.4 Cardiac function and circadian rhythms 

Foundational knowledge about the link between circadian clock function and heart disease 

will help clarify the process undertaken to induce heart failure in this research project. Although 

the cardiovascular system is well-equipped to adjust to different oxygen needs over the sleep-wake 

cycle on its own, the body’s circadian rhythm also plays a role in regulating cardiac function. 

Cyclic regulation of physiological processes, behavior and gene expression is managed by the 

suprachiasmatic nucleus, the main pacemaker (Zheng et al., 2023). Additional to the main clock, 

peripheral clocks exist within the cardiac cells and work intrinsically to organise function of 

endothelial cells, vascular smooth muscle cells, fibroblast, cardiomyocytes, and cardiac 

progenitor-like cells (Davidson et al., 2005). More specifically, the cardiomyocyte clock first 

controls ATP generation in preparation for the cardiac contraction phase of the active period. In 

transition towards the rest phase, the cardiomyocyte circadian clock manages the growth and repair 

of cardiac cells (Thosar et al., 2018).  

Most of the heart rate and blood pressure level rhythmicity is associated with activity levels 

of dark/light phases. However, the circadian influence, disregarding activity, controls the intensity 

of the sympathoadrenal and hypertensive responses to stress, causing stronger adaptions during 
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the awakening phase. The clock’s impact is indirect, in line with sympathetic nerves connecting 

the suprachiasmatic nucleus and the adrenal gland. Therefore, the circadian system helps regulate 

the magnitude of the variations in heart rate and blood pressure. This was proven by the ablation 

of Bmal1 in mice that caused significantly reduced stress responses, regardless of time of day 

(Curtis et al., 2007). Other evidence of the relationship between cardiac function and circadian 

rhythm includes cardiovascular event occurrence risk, like myocardial infarction, being time of 

day dependant (Davidson et al., 2005).  

In sum, the coordination between the circadian clock and the autonomic nervous system 

aids to synchronize heart function in diurnal pattern in preparation for upcoming energy demands 

of sleep-wake cycles (La Rovere & Christensen, 2015; Wang et al., 2023). This complex 

rhythmic regulation of heart function emphasizes the critical connection between circadian 

rhythms and cardiovascular health. 
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1.5 Clock gene modification and heart disease 

 

Figure 2: Bmal1 knockout directly decreases BNIP3 protein levels, a protein that controls the 

permeability of the mitochondrial membrane. This results in impaired mitophagy and 

mitochondrial activity and, therefore leads to loss in cardiomyocyte function (Li et al. 2020). 

One of the key regulators of cardiovascular cell circadian rhythmicity is the Bmal1 clock 

gene (Crnko et al., 2019). Within heart tissue, this gene is found predominantly in cardiomyocytes, 

but is also present in vascular smooth muscle cells, endothelial cells, and fibroblasts (Young et al., 

2014). Regardless of its presence in other tissues, total Bmal1 ablation from cardiomyocytes in 

mutant mice results in severe cardiac dysfunction (Kondratov et al., 2006; Young et al., 2014). 

This genetic modification impairs mitochondrial function and therefore dysregulates ATP 

production within cardiomyocytes, leading to further cardiac abnormalities over time (Li et al., 

2020). Cardiomyocyte Bmal1 gene deletion primarily affects rhythmicity within the muscle cells, 
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while the circadian influence of the primary pacemaker, the suprachiasmatic nucleus, remains 

intact (Crnko et al., 2019).  

In humans, disrupted circadian regulation caused by genetic mutations or lifestyle factors 

such as irregular sleep patterns or shift work can significantly increase the risk of heart disease 

(Davidson et al., 2005). This study planned to progressively induce heart failure by removing the 

Bmal1 gene using Cre-lox applications for gene modification. This would have represented a 

chronic heart failure population for researching about the effects of heart disease and depression 

in mice. 

1.6 The Cre-lox applications for altering Bmal1 gene 

Gene manipulation in animals enables research of various pathologies. For a heart 

dysfunction model, a heart tissue specific Bmal1 deletion was created using Cre-lox technology. 

In this system, the enzyme Cre-recombinase recognizes two directly repeated loxP sites in the 

DNA and inactivates the gene group by excising the genome section (Kim et al., 2018). A 

conditional knockout can be generated by crossbreeding a “floxed” mouse line with a Cre-driver 

line. Alternatively, a conditional gene knockout can be generated by injecting adeno-associate viral 

vectors expressing Cre recombinase (French & Annex, 2014). An adeno-associated virus serotype 

9 (AAV9) can be engineered to deliver genes with Cre-recombinase to specific locations. AAV is 

a protein shell that encapsulates a single stranded DNA genome and serves as the vehicle for 

genetic material into the system (Naso et al., 2017). To target heart tissue, the viral vectors used 

can be specific to the gene sequence Cardiac troponin T (cTNT), a cardiac isoform that is 

exclusively expressed in cardiomyocytes and which is used as a marker of myocardial cell injury. 

Therefore, a virus can be manufactured to use Cre-recombinase to selectively remove Bmal1 from 
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cardiomyocytes through of the AAV delivering to cTNT. Understanding the viral vectors function 

and its application is essential for determining how the heart dysfunction model can be generated 

to research behavior in mice. 

1.7 Behavioral assessment in animals 

Behavioral assessments in animals will be discussed due to the complexity of behavior and 

the need for careful consideration to ensure reliable evaluation of depressive-like behavior in mice.    

Tests to assess animals’ behavior are made to support that initial thought processes lead to feelings 

that are associated with healthy or disturbed behavior (DiGiuseppe et al., 2016). Designing the 

behavioral tests and their analysis requires the consideration of the rodent spontaneous behavior, 

the animal’s motivations, and the influence of the tester (Hånell & Marklund, 2014).  

1.7.1 Spontaneous animal behavior 

One benefit of assessing this type of behavior is that it alleviates stress induced from 

performing a task (d’Isa & Gerlai, 2023). However, since this type of testing does not rely on a 

motivator, a lack of interest to perform the task can be a problem for data acquisition. This problem 

can be mitigated by longer testing time that allows for larger data sets for analysis (Hånell & 

Marklund, 2014). 
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1.7.2 Motivation 

Figure 3: One example of a valid test that uses fear to motivate for escape is the tail suspension 

test (Cryan et al., 2005; Hazar-Yavuz et al., n.d.) 

Some behavior tests are designed to provide the maximum motivation for the animal to 

complete the task to the best of its ability (Hånell & Marklund, 2014). Common motivators are 

fear to utilize active avoidance learning to stressful stimuli. Fear must be used within the test as a 

motivator because, if not, it may lead to freezing which may influence cognitive performance 

(Harrison et al., 2009).  

1.7.3 Animal and experimenter interaction 

Studies have found that an anxiety-like state in mice modifies exploration behavior and 

movement, so if the animal is predisposed to any stressful stimuli from the experimenter, this could 

greatly impact the data. Animal familiarization with the experimenter is important to reduce the 

stress levels, thus suggesting the importance of handling the mice prior to behavioral 

experimentation (Segelcke et al., 2023). 
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1.7.4 Considerations in behavioral analysis 

It is essential to be mindful of factors affecting behavioral phenotypes in animals such as 

the rodent’s source of motivation and its natural reactions to stimuli (Belovicova et al., 2017). The 

test validity is based on these constructs, and monitoring potential behavioral influences during 

the test is essential to assure that the results are reliable (Hånell & Marklund, 2014). 

1.7.5 Assessment of depression in rodents  

The complexity of a mood disorder like depression comes from the condition being 

characterized by several behavioral phenotypes. The multiple emotional symptoms such as 

despair, anhedonia, self care, and apathy can easily be determined by behavioral tests that have 

been constructed for animals. However, the animal behavioral analysis has limitations because 

emotions like worthlessness, guilt and ideas of suicide cannot be measured in rodents (Planchez et 

al., 2019). The sadness in depression stems from a complex interaction of emotions that cannot be 

all measures specifically in rodents, therefore the results obtained in behavior tests should be 

discussed with caution when being compared to complex human behavior (Olbert et al., 2014). 

Therefore, when looking at depressive-like behavior in animals, it is important to discuss the 

several behavior phenotypes that can be assessed and make interpretations according to these 

distinct observations. It is not to be interpreted as depression itself, but only to describe emotional 

symptoms associated with it. 
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1.8 Depression and memory 

Individuals who are diagnosed with depression demonstrate increased cases of impaired 

memory recollection compared to healthy adults (Dillon & Pizzagalli, 2018). It is believed that 

increased stress levels in depression is linked to the reduced ability to consolidate memories. This 

stress causes the suppression of hippocampal neurogenesis, an important mechanism that mediates 

pattern separation for recollection of distinct events that are similar. To support this, hippocampus 

size was compared between depressed and healthy individuals, where volumes were significantly 

smaller in people with depression (Dillon & Pizzagalli, 2018). Therefore, it is thought that the 

depressive state is causing the suppression of hippocampal neurogenesis, thus leading to changes 

in memory formation. Considering this study tested for a depressive phenotype based on the 

hypothesis that reduced blood flow to the brain causes morphological and physiological changes 

leading to mood alterations, it included a memory consolidation evaluation for more insight on the 

mice’s mental state.  

1.9 Rationale 

This project planned to give individuals with cardiovascular disease insight about potential 

reasons their mental health is degrading following their diagnosis and provide a timeline for 

depression risk. The complex interactions of the heart and the brain have never been more flagrant, 

so providing additional foundational knowledge about this relationship furthers the understanding 

of how depression develops. My project was especially important because it planned to analyse 

the connection between heart failure and behavioral disorders by examining the extended evolution 

of associated cardiac and behavioral phenotypes. This research simulated a clinical perspective of 

how the development of symptoms related to heart failure can influence a person’s emotional state. 
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A mice model was used because we planned to progressively induce heart failure with the deletion 

of Bmal1 in cardiomyocytes and observe cardiac and behavioral phenotypes in a controlled 

environment. Mindful of the translatability of animal research to humans, the information obtained 

aimed to help health care professionals better understand the progression of these diseases. 

This study has significant importance because it addressed the large impact of conditions 

like heart failure and depression, which can affect anyone. Although the treatment of heart disease 

has improved immensely in recent years, it remains a persistent health concern. This issue is 

aggravated by the fact that depression and anxiety are common comorbidities that accompany heart 

failure, worsening its prognosis. This research topic needed to be addressed because current studies 

only look at the short-term effects of cardiovascular dysfunction and the development of 

behavioral phenotypes (Frey et al., 2014). To fill this gap in the literature, my study analysed the 

long-term relationship between cardiac phenotypes associated with heart disease and the 

development of behavioral disorders. 

1.10 Objectives 

1) The primary objective of this research was to identify specific timepoints where cardiac 

phenotypes become more pronounced. This was to help establish a clear link between the 

severity of impaired heart function and the expression of depressive symptoms. 

Specifically, this consisted of thoroughly characterizing cardiac phenotypes as heart failure 

progressed following the cardiomyocyte-Bmal1 knockout.  

2) The second objective of this study was to assess behavioral phenotypes associated with 

mood disorders over time following induced heart failure. Understanding how one’s mental 
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state is connected to heart function is essential for tracking the progression of key 

behavioral abnormalities associated with behavior disorders following heart failure 

diagnosis.  

3) The third objective involved establishing the long-term correlation between the expression 

of cardiac and depressive phenotypes. This investigation determined if the severity of 

cardiac symptoms was related to a certain degree of behavioral alterations.  

1.11 Hypothesis 

We hypothesized that mice with heart failure would show greater cardiac impairment 

compared to controls. Cardiac dysfunction was expected to manifest in the experimental group as 

decreased fractional shortening (%) and lower brain perfusion measurements, and a reduced time 

until exhaustion on the treadmill.  

We anticipated cardiac impairments would be associated with increased levels of 

depressive-like behavior, shown by reduced interest in pleasurable things (anhedonia), heightened 

levels of anxiety, decreased motivation, and impaired self-care.  

Furthermore, when investigating the long-term relationship between the expression of 

heart failure symptoms and the development of depressive-like phenotypes, we hypothesized that 

the expression of a depressive-like behavior would worsen as the cardiac impairments became 

more severe. 
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Long-Term Assessment of Cardiac and Behavioral  

Phenotypes in Mice with Chronic Heart Failure 

2.0 Methods 

This study included 32 Bmal1 “floxed” mice (Bmal1fl/fl; B6.129S4(Cg)-Arntltm1Weit/J; 

stock #: 7668, The Jackson Laboratory), with 8 females and 8 males in both control and 

experimental groups. Animals were screened for any predisposed physiological and behavioral 

abnormalities/phenotypes. Concordia University’s Animal Research Ethics Committee approved 

all animal methods. 

Screening tests Included 

Sucrose preference test Sucrose preference ratio >65% (Mao et al., 2022). 

Tail suspension test Immobility ratio >50% (Steru et al., 1985) 

Object recognition test Recognition ratio >50% (Frey et al. 2014) 

Treadmill endurance test Can maintain a 16.7m/min running speed  

            Table 1: Inclusion criteria. 

 

2.1 Induction of heart failure 

At 8-weeks, the cardiomyocyte Bmal1 knockout (CBK) group received an intravenous 

injection of cardiotropic viral vectors (AAV9-cTNT-Cre, 1x1013 vg/ml, 100ul) to remove Bmal1 

specifically in heart muscle cells, provided by PD Dr. Christian Bär (Institute of Molecular and 

Translational Strategies, Hannover Medical School, Hannover, Germany). The control animals 

received empty vectors (AAV9-cTNT-empty, 1x1013 vg/ml, 100ul). A qualitative assessment 
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using Polymerase Chain Reaction (PCR) of the deletion of Bmal1 was conducted at the beginning 

of the study.  

2.2 Timeline 

 

Figure 4: Timeline of experiment. 

The behavioral test data was collected every 4 weeks and complimented by assessments of 

cardiac function every 8 weeks. The tissue samples were gathered 25 weeks after the injection. 

The left ventricle was gathered for mitochondria respirometry. At the end of the study, PCR and 

Immunoblotting were performed to determine the effectiveness of Bmal1 deletion in experimental 

animals. 

2.3 Behavioral phenotype assessment 

Following the injection, behavioral phenotypes were assessed using the sucrose preference 

test, splash test, tail suspension test and object recognition test. These tests were conducted with 

an interval of 48 hours, within 2 to 4 hours after the start of the light phase. The depressive-like 
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characteristics were identified through the demonstration of increased anhedonia, decreased self-

care, diminished motivation, and heightened anxiety-like behaviors. 

2.3.1 Sucrose preference test 

Assessed the animal's ability to experience pleasure or reward to focus on an important 

symptom of clinical depression: increased anhedonia. Depressive-like behavior was interpreted by 

a reduction in sucrose intake compared to water. To minimize the influences of a novel 2 bottle 

set-up, a habituation period with 2 water bottles was implemented 48 hours before the test. For the 

test, a sucrose solution bottle (1% sucrose in tap water (w/v)) and a water bottle were provided for 

48 hours, switching bottle positions at 24 hours to avoid side preference (Frey et al., 2014). The 

validity of this method was established in anti-depressive medication studies, where mice exposed 

to a chronic stress model to induce depressive-like behavior showed increased sucrose preference 

after receiving anti-depressants, compared to measures taken before treatment (Katz, 1982). 

2.3.2 Splash test 

An evaluation measuring a key phenotype of depression like self-care habits and 

motivation through grooming behavior (Planchez et al., 2019). A 10% sucrose solution was 

sprayed on the back of the mice, and the time from spraying to grooming initiation was measured. 

Over a 5 minute period, frequency and duration of cleaning bouts was measured, where reduced 

grooming over time would be suggestive of depressive-like behavior (Bouguiyoud et al., 2022).  
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2.3.3 Tail suspension test 

Evaluated depressive phenotypes like motivation, despair and self-helplessness from 

measured immobility time when suspended by the tail, on the basis that mice naturally want to 

escape stressful situations. Immobility time was calculated during 6 minutes of suspension using 

adhesive tape (Can et al., 2011). The validity of this test was determined by Stukalin et al., (2020), 

where differences in agitation time were found following delivered anti-depressant medication. 

2.3.4 Object recognition test 

Measure of short-term memory by assessing novel object compared to familiar object 

exploration time. Reduced novel exploration compared to the old object suggested poor short-term 

memory. The mice were put in the open field for 10 min for two sequential habituation days. On 

day 3, exploration time of 2 identical objects (A1, A2) for 10min (training) was recorded. After 

1h, exploration of a familiar object (A2), and a novel object (B) for 10 min (retention) were 

recorded. Objects were repositioned between trials to account for side preference. A training and 

retention discrimination ratio (A1/ (A1 + A2) × 100 and B/ (B + A2) × 100) were calculated. An 

index of over 50% showed the object preference (Frey et al., 2014).  
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2.3.4 Open field test 

Used to measure anxiety-related behavior from general locomotion (Gould et al., 2009). 

The mice were dropped into an open-field and the distance covered (in cm) during the entire timed 

portion of the test was measured. Subsequently, the percentage of the total 30-minute test time that 

the mice spent in the middle of the space was measured. Increased time on the periphery was an 

indication of anxiety-like behavior because mice have an innate fear of large open areas 

(Seibenhener & Wooten, 2015) 

2.4 Cardiac phenotype assessment 

2.4.1 Echocardiography  

 

  

 

 

Figure 5: Ultrasound image of left ventricle M-mode of mice heart (Gao et al. 2011) 

 

A 13Hz ultrasound probe was used to evaluate left ventricle function in mice anesthetized 

with isoflurane (2%) (Gao et al., 2011). The evaluation involved observing physical changes using 

M-mode images, as shown in Figure 5, that showed the left ventricular internal dimension during 

diastole (LVIDd) and systole (LVIDs). To measure cardiac contractility, fractional shortening (FS) 

(%) was calculated by taking the difference between when the left ventricle internal dimension 

LVID
s 

LVIDd 
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was relaxed (LVIDd in Figure 5) and when the left ventricle was contracted (LVIDs in Figure 5). 

The value was relative to the relaxed state and then converted into a percentage (Equation 1) (Gao 

et al., 2011).  

FS (%) = (LVIDd – LVIDs) / LVIDd x 100 

LVIDd: left ventricle internal diameter during diastole, LVIDs: left ventricle internal 

diameter during systole (see Figure 5) 

 

2.4.2 Brain fluorescent imaging 

 

 

 

 

 

 

Figure 6: Brain blood flow set up (Ku & Choi, 2012) 

 

Fluorescent imaging using intravenous injection of indocyanine green assessed general 

cerebral perfusion levels to explain changes in the morphology and function of regions regulating 

mood. Cerebral vascularization was captured with an infrared camera focused on the mice’s scalp 

lit with an infrared light (780 nm) set up as shown in Figure 6 (Ku & Choi, 2012). This technique 

was proven to be a sensitive measure of changes in cerebral vascularization by identifying 

modifications in perfusion as small as differences induced from anesthesia with ketamine 

compared to isoflurane (Ku & Choi, 2012).  

(1) 
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Figure 7: Small section of indocyanine green dynamics over time following injection, with the 

arrival time (Tarrival) and the first peak time (Tpeak) to calculate the rising time (Trising). 

 

Local tissue perfusion was measured from the time the fluorescent dye appeared at the 

brain (Tarrival) until the peak intensity was reached (Tpeak), as shown in Figure 7. Tarrival time was 

determined as the first frame larger than more that 4 standard deviations of the average of similar 

intensities in the frames following the injection. Increases in Trising times were an indication of 

decreased cerebral perfusion. Subsequent peaks following the first peak were caused by systemic 

recirculation. Trising may be the best measure of cerebral perfusion because it is not affected by the 

method of bolus delivery (Ku & Choi, 2012). 
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2.4.3 Rotarod 

Used to assess motor coordination and balance by measuring the ability to stay on the rod 

(Deacon, 2013). Training on the rotarod was conducted for 2 minutes (2 revolutions per minute 

with rod diameter of 5cm), with mice being placed back on the rod if they fell. Three hours later, 

mice were put on the rotarod at 2 revolutions per minute for 1 minute, across 3 trials, with 15 

seconds rest between each trial. Falls before 5 sec indicated poor placement by the experimenter 

and the trial was redone. The same protocol was applied for 4, 8, and 12 revolutions per minute, 

and the time until the mice fall off the rod was calculated for all the trials. The animal’s balance 

score was the average time until failure at each speed. Decreased average time to failure meant 

lower motor coordination and balance.  
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2.4.4 Treadmill  

 

Figure 8: Mouse treadmill set up. 

A maximum aerobic exercise test was conducted by having the animals run on a treadmill 

until exhaustion. An acclimatization period consisted of exploring their respective treadmill lane 

for 2 minutes with the machine off. They ran for 2 minutes at 13.3m/min and 2 minutes at 15m/min 

as a warm-up. Afterwards, the mice ran at 16.7m/min until exhaustion. Exhaustion was 

characterized by the mouse no longer sustaining the speed and remaining near the bottom of the 

treadmill for more than 10 seconds, even following brush stimulation at the end of the track (see 

Figure 8). The time until exhaustion was a measure of maximum aerobic capacity and an indicator 

of cardiac health. 

2.5 Tissue extraction and permeabilization 

The mice were euthanized by live decapitation following isoflurane anesthesia. The left 

ventricle was immediately extracted and permeabilized for mitochondrial respiratory assessment. 

The isolated tissue was incubated for 30 minutes on ice in 50 μg/mL saponin and 2mL BIOPS 
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buffer solution [2.77mM CaK2EGTA, 7.23mM K2EGTA, 5.77mM Na2ATP, 6.56mM 

MgCl2×6H2O, 20mM Taurine, 15mM Na2Phosphocreatine, 20mM Imidazole, 0.5mM 

Dithiothreitol, 50mM MES (pH 7.1) (Fontana-Ayoub et al., 2013). After, the tissue was washed 

twice consecutively for 10-minute in MiR05 buffer [0.5mM EGTA, 3.0mM MgCl2×6H2O, 60mM 

K-lactonionate, 20mM Taurine, 10mM KH2PO4, 20mM HEPES, 110mM Sucrose, 1g/L BSA (pH 

7.1)] (Kuznetsov et al., 2008).  

2.6 Mitochondrial oxygen consumption 

Mitochondrial oxygen consumption was measured via high-resolution respirometry 

(Oxygraph2k, Oroboros Instruments, Innsbruck, Austria). Approximately 1.0-1.8 mg of heart 

tissue was added to 2mL of MiR05 buffer in each chamber. The chamber (37°C) was a hyper-

oxygenated environment to prevent oxygen limitation. Malate (2mM), glutamate (10 mM) and 

pyruvate (6 mM) were added sequentially to stimulate LEAK respiration across complex I and to 

build the proton gradient across the inner mitochondrial membrane. ADP (5mM) was incorporated 

to initiate complex I-dependent respiration. Cytochrome c (10μM) was added to assess outer 

mitochondrial membrane integrity. Succinate (10mM) was then added to measure maximal 

respiration, followed by oligomycin (2μg/mL) to inhibit ATP synthase, and observe maximal 

LEAK respiration. Lastly, an FCCP (0.25μM) titration was carried out to assess maximal 

uncoupled respiration. 
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2.7 Heart weight/Body weight ratio  

The final body weight was taken just before euthanasia (g). After, hearts were extracted, 

drained of blood, and weighed (mg). Heart weight was divided by body weight (g) for this ratio as 

an indication of cardiac hypertrophy resulting from impaired heart function (Jia et al., 2018). 

2.8 Polymerase Chain Reaction (PCR) 

PCR amplifies DNA fragments to identify specific gene sequences according to their 

weight and charge (Garibyan & Avashia, 2013). This technique was used to identify the genetic 

deletion of Bmal1 in the heart following the injection of the viral vectors (AAV9-cTNT-Cre). To 

initially validate the CBK model, a qualitative analysis of gene expression using PCR was 

performed to identify the “floxed” allele that enables the knockout and identify the sequence 

confirming the excised Bmal1 gene. Firstly, the apex of the heart was homogenized, and the cell 

wall was broken down in NaOH (50MM) heated for 30min at 95°C and then stabilized with TRIS 

buffer. The solutions were centrifuged at 13 300 rpm for 7 minutes to separate tissue fragments 

from the solution. To determine if the Bmal1 sequence had been removed in the heart tissue, 

loxP/WT/Excision primers were used (0.5uL Bmal1_EX2 L1, 0.5uL Bmal1_EX2 R1 (R), 0.5uL 

Bmal1_EX2 L2, 12.5uL Mastermix, 9.5uL dH20). 2uL of DNA was added from each sample 

separately. Subsequently, to confirm that the Cre component of the virus was present, we used 

iCre primers (0.5 uL iCre (F), 0.5uL iCre (R), 12.5uL Mastermix, 9.5uL dH20). The DNA was 

replicated in the thermocycler. Following the duplication of the DNA sequence, the samples were 

passed through a 1.5% agarose gel (0.005% ethium bromide) at 100V for 40min. The gel was 

imaged using the Kodak system.  
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Bmal1_EX2 L1 (Forward primer): ACTGGAAGTAACTTTATCAAACTG 

Bmal1_EX2 R1 (Reverse primer): CTGACCAACTTGCTAACAATTA 

Bmal1_EX2 L2 (Forward primer): CTCCTAACTTGGTTTTTGTCTGT 

iCre Forward: 5’-AGATGCCAGGACATCAGGAACCTG -3’  

iCre Reverse: 5’-ATCAGCCACACCAGACACAGAGATC -3’  

2.9 Immunoblotting protocol 

Considering that genes serve to specify sequences of amino acids, and proteins are 

responsible for carrying out every function of the cell, to validate the CBK model, we also 

measured BMAL1 protein expression in heart tissue (Koussounadis et al., 2015). This qualitative 

analysis of BMAL1 protein expression in heart tissue was done using an Immunoblotting 

technique. The heart cells were lysed in a NP40 protein detergent containing 1% Nonidet P40, 

0,1% of Sodium dodecyl sulfate, 50 mM of Tris, 0,1 mM Ethylenediaminetetraacetic acid, 0,1 mM 

Egtazic acid and 0,1% deoxycholic acid, pH 7,4. An inhibitor solution made of sodium 

pyrophosphate 1mM, of sodium orthovanadate 46 1mM, 20mM of NaF, an inhibitor of protease 

and phosphatase inhibitor (Sigma-Aldrich, P5726-1ML) at 1mM was added to the protein 

detergent. The lysis was incubated under rotation for 30min at 4°C. The proteins were taken from 

the supernatant following centrifugation at 13 300 rpm for 10 minutes at 4°C. Protein 

quantification was done using the pierce bovine serum albumin analysis kit (ThermoScientific, 

#23227) with the standard curve of Bovine serum albumin from 0-1 ug/uL to obtain a specific 

protein concentration of 30ug. The protein was mixed with protein loading detergent Laemmli 4X 

(Bio-Rad, #1610747) in a 60uL total volume heated at 95°C for 5min to denature the proteins. The 



29 

 

protein samples were separated with a polyacrylamide electrophoresis gel in presence of Sodium 

dodecyl sulfate on a 10% acrylamide gel using a Mini-PROTEAN Tetra System (Bio-Rad). Protein 

migration was performed in an electrophoresis solution 1X Tris-Glycine for 30min at 100V to 

bring the proteins together, then 1h at 120V for the migration in the separation gel. Under cold 

conditions, the proteins were transferred on to a 0.2 µm nitrocellulose membrane (Bio-Rad, 

#1620112) for 1h at 100V in a transfer detergent 1X TrisGlycine-methanol. The membrane was 

then blocked in Tris-saline buffer-Tween-Bovine serum albumin at 5% for 1h at room temperature. 

The blocked membrane was incubated at 4°C with the primary antibody until the next day before 

being incubated with the secondary BMAL1 antibody (B-1) (Novus Biologicals, # NB100-2288, 

Littleton, CO, USA, 1:1000) for 1h at room temperature. The proteins were detected using the 

Clarity Western ECL Substrate (Bio-Rad, #170-5061). The density of the immunoblots was 

analysed using ImageJ software (Fiji Software). 
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3.0 Results 

3.1 Validation of viral vectors (AAV9-cTNT-Cre) function using PCR 

To validate the CBK model, a qualitative analysis of gene expression in heart tissue using 

PCR was performed to identify the DNA sequence with excised Bmal1, and the paired loxP sites 

that enables the knockout (Bmal1 floxed animals, lox/lox). Ear tissue was used as a control. A 

heterozygote lox/+ animal was also used as a control, where a lack of paired loxP sites was 

confirmed by a 327 bp band and a 431 bp band in the heart and ear tissue. To follow, homozygote 

lox/lox genotype was confirmed in control and experimental animals’ heart and ear tissue that 

expressed a single 431 bp band. Finally, only the knockout animals had a second ~580 bp band 

from heart tissue samples, representing the knockout product (Figure 9A). The knockout was only 

seen in the heart tissue, confirmed by ear tissue samples that only showed a single 431 bp band. 

This demonstrated that the Bmal1 in ear tissue was unaffected in CBK mice. Cre was only 

expressed in knockout animal tissue by a 220 bp band (Figure 9B). 

 

  

Figure 9A: Validation of Bmal1 knockout.            Figure 9B: Cre expression in tissue. 

A B 
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3.2 Validation of differences in BMAL1 protein expression using 

Immunoblotting 

  

Figure 10: BMAL1 protein expression was not different between control and experimental mice. 

 

Figure 11: Normalized BMAL1 protein expression relative to loading control. 

To validate the CBK model, we measured BMAL1 protein expression in heart tissue using 

Immunoblotting analysis. Β-Actin was used as a loading control (Figure 10). We expected a 

significantly reduced expression of the BMAL1 protein band normalized to the expressed loading 

control band for CBK animals. Figure 11 shows no significant differences in percent BMAL1 

Β-Actin 
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protein expression in heart tissue relative to controls between both groups (100 ± 38.78%; 98.3 ± 

38.78 18.3%) (n = 4). Based on the outcomes, we conclude that the efficacy of the vector was 

insufficient at the used concentration to infect a significant number of cardiomyocytes to cause a 

chronic heart condition. 

3.3 Cardiac phenotype assessment 

A Two-way repeated measures ANOVA showed that the main effect of genotype was not 

statistically significant for the different cardiac phenotype variables (p > 0.05). Therefore, there 

were no differences between groups for all cardiac measures. We had hypothesized that heart 

function would degrade over time in CBK mice. Consequently, these results are in agreement 

with the failure to knockout Bmal1 from a sufficient number of cardiomyocytes. Normality was 

confirmed using the Shapiro-Wilk normality test. 
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Figure 12. Cardiac phenotypes data. (A) Change in fraction shortening measures relative to 

baseline taken from ultrasound image of LV M-mode of mice hearts. (B) Change in heart rate 

measured from ultrasound image of LV M-mode of mice hearts. (C) Change in time until 

fluorescent dye appears in brain relative to baseline during fluorescent imaging. (D) Change in 

time until exhaustion on treadmill test relative to baseline. (E) Change in balance scores over 

time relative to baseline at 4RPM (1), 8RPM (2) and 12 RPM (3). (F) Heart mitochondrial 

respiratory capacity for different substrates. (G) Heart weight/Body ratio as an indication of 

cardiac hypertrophy. (H) Change in body weight relative to baseline. 
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3.3.1 Echocardiography     

The change in fractional shortening (FS) (%) over time relative to baseline was not 

significantly different between control and CBK mice, suggesting that there were no differences 

in heart contractility between both groups (p > 0.05) (n = 12) (Figure 12A). Animals were 

excluded because of the inability to read ultrasound M-mode picture adequately. The average FS 

(%) across all weeks was calculated, where it was 36.79 ± 7.40% for controls and 33.30 ± 6.93% 

for CBK, both indications of no impaired cardiac contractility overall (Jia et al., 2018). Heart rate 

(bpm) was not significantly different between groups (p > 0.05) (n = 15) (Figure 12B). However, 

time did have a significant effect on heart rate (p < .001). A Tukey’s multiple comparisons test 

revealed that heart rate was significantly different for both groups from week 1 to week 16 (Table 

2) (p < 0.05). 

 Week 1 Week 8 Week 16 

Control 350 ± 77 bpm 317 ± 74 bpm 312 ± 73 bpm 

CBK 349 ± 72 bpm 317 ± 72 bpm 310 ± 67 bpm 

Table 2: Change in heart rate over time. 

 

3.3.2 Brain fluorescent imaging 

 

 

 

 

Figure 13: Area analysed to evaluate Trising (A) somatosensory cortical region. (B) Large vein 

(posterior left). (C) Large region. 

 

A B C 
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After the injection of indocyanine green, bolus dynamics captured by the infrared camera 

were analysed. Grey values of each pixel were measured in the Fiji Software. As a measure of 

brain perfusion, Trising was calculated by subtracting Tarrival, the time of appearance dye at the brain, 

from the first peak time (Tpeak). Dynamics of each pixel was evaluated for the somatosensory 

cortical region (Figure 13A), the region over the left posterior vein (Figure 13B) and a large 

region (Figure 13C). There was a significant difference between the Trising times between all three 

regions. However, we evaluated that there was no significant difference between the average Trising 

measures of the somatosensory cortical region and the posterior left suture, with that of the large 

area (p > 0.05). Therefore, we concluded that the large area Trising values were representative of 

the status of overall tissue blood supply. This technique does not allow for specific quantification 

of blood flow to specific areas of the brain. Consequently, it served as a measure of general blood 

supply to cerebral tissue. Following injection of indocyanine green, brain perfusion measures from 

Trising were similar between each group and over time, indication of no difference between groups 

and no longitudinal change in blood supply to the brain (p > 0.05) (n = 11 CBK; 10 Control) 

(Figure 12C). Animals were excluded because of a failure to properly inject the bolus for all 

timepoints. Considering there was no effect of time on brain perfusion, the average of all 

timepoints for each group was taken. Average Trising was 1.67 ± 0.29s vs. 1.62 ± 0.31s for control 

and CBK animals respectively (Ku & Choi, 2012). 

3.3.3 Treadmill 

The main effect of genotype was not statistically significant (p > 0.05) (n = 15 CBK; 16 

Control). Therefore, there were no significant differences in maximum aerobic capacity over time 

between CBK and control animals, shown by no change in the time until exhaustion on the 
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treadmill test between groups (Figure 12D). One animal did not make it through the study, so its 

data was excluded. 

3.3.4 Rotarod 

Genotype was not a source of variation in balance scores (p > 0.05) (n = 15 CBK; 16 

Control). Therefore, there were no differences between both groups over time in balance scores 

relative to baseline at rotarod speeds of 4 RPM, 8 RPM and 12 RPM (Figure 12E).  

3.3.5 Mitochondrial oxygen consumption 

Both groups showed no difference in heart respiration rates, suggesting similar 

mitochondrial efficiency within heart tissue (p > 0.05) (n = 15 CBK; 16 Control) (Figure 12F). 

3.3.6 Heart weight to body weight ratio 

An unpaired T-Test showed no significant differences in heart weight to body weight ratios 

between control and CBK animals, revealing no induced cardiac hypertrophy over time (p > 0.05) 

(n = 15 CBK; 16 Control) (Figure 12G).  

3.3.7 Body weight 

Body weight for control and CBK mice was similar (p > 0.05). The change in weight over 

time relative to baseline for both groups was significantly different from week 1 to week 24 (p < 

.001) (n = 15 CBK; 16 Control) (Figure 12H).  
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3.4 Behavioral phenotype assessment 

A Two-way repeated measures ANOVA revealed that the main effect of genotype was 

not statistically significant for all behavioral phenotypes assessments associated with depression 

(p > 0.05). We had hypothesized that cardiac impairments in CBK mice would cause increased 

expression of depressive-like behavior. Therefore, the lack of differences between each group 

may be because of the failure of the virus to remove Bmal1 in a significant number of 

cardiomyocytes to cause an impaired heart function. Normality was confirmed using the 

Shapiro-Wilk normality test 
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Figure 14. Behavioral phenotypes data. (A) Change in sucrose preference over time as a 

measure of depressive-like anhedonia. (B) Change in grooming time in the splash test as a 

measure of self-care habits. (C) Change in immobility time in the tail suspension test to changes 

in expressed motivation. (D) Open field test (OFT) as a measure of anxiety-like behavior: 

locomotion. (E) OFT: Distance travelled. (F) OFT: Percent time spent in the center of the open 

field. (G). OFT: percent of time spent staying still in the centre of the open field. (H) OFT: 

Latency to enter the center of the open field. (I) Change in retention ratio in object recognition 

test as a measure of short-term memory. 
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3.4.1 Sucrose preference test (SPT) 

There was no difference in sucrose consumption between groups in the SPT, indicating 

similar levels of depression-like anhedonia (p > 0.05) (n = 13) (Figure 14A). Animals that had 

bottles leak were excluded from the analysis. 

3.4.2 Splash test 

There were no significant differences between change in grooming time relative to baseline 

between controls and CBK mice, suggesting similar levels of self-care habits over time for both 

groups (p > 0.05) (n = 12 CBK; 15 Control) (Figure 14B).  

3.4.3 Tail suspension test 

The immobility ratio (%) relative to baseline was not significantly different between 

control and experimental animals, suggesting no change in expressed motivation between groups 

over time (p > 0.05) (n = 7 CBK; 5 Control)) (Figure 14C). Animals were excluded because of a 

tail injury that prevented them from undergoing the test.  

3.4.4 Open field test (OFT) 

The Shapiro-Wilk test showed that the data was non-parametric (p < 0.05) (n = 6 CBK; 5 

Control). A Mann-Whitney test revealed that controls did not spend significantly more time in the 

center, stand still in the center of the field and did not travel more distance compared to 

experimental animals (p > 0.05) (Figure 14D-G). However, CBK mice showed increased latency 

to enter the center of the field (p = 0.005) (Figure 14H). Animals were excluded because of lost 

data due to equipment failure. 
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3.4.5 Object recognition test 

Genotype did not influence short-term memory over time, shown by similar retention ratios 

between CBK and control animals at each time point (p > 0.05) (n = 8) (Figure 14I). Animals with 

a total exploration time of less than 20sec were excluded from the analysis because recognition 

ratios were not reliable considering the small amount of time the animal spent with the objects. 
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4.0 Discussion 

4.1 Validation of CBK model using PCR and Immunoblotting 

The tests described above indicate a failure to knockout the Bmal1 gene in cardiomyocytes 

of the experimental mice. Although the PCR testing confirmed that the AAV9-cTNT-Cre virus 

affected the heart through the expression of a knockout product specifically in heart tissue of the 

CBK mice, The concentration we used was insufficient to infect as many cells as needed to 

generate a heart condition. Considering that PCR utilizes the multiplication of the DNA sequence 

of interest, it is believed that only a small proportion of genes were affected by the viral vectors, 

consequently preventing effective elimination of Bmal1 in cardiomyocytes to induce a heart 

dysfunction. The knockout product was detected by PCR solely because it was replicated multiple 

times during the thermocycling process. Since genes serve to specify amino acid sequences and 

proteins are responsible for all cellular function, protein expression is a more accurate measure of 

the CBK model’s efficacy (Koussounadis et al., 2015). Consequently, according to the protein 

expression analysis, the virus failed to remove Bmal1 in a significant number of cardiomyocytes 

to cause an impaired heart function. 

4.2 Reasons for the lack of virus efficiency 

4.2.1 Virus viability 

AAV9 vectors are non-enveloped viruses made up of single stands of DNA and contained 

in capsids. Despite advancements in manufacturing to improve viral stability and infectibility, 

several factors may contribute to its degradation. Firstly, viral particle can be lost due to contact 

with surfaces or during freezing. Viral core facilities have developed formulas that use a 
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cryoprotectant or a substance to guard against degradation when in contact with surfaces, but 

excessive manipulation and repeated freeze-thaw cycles at -80C remain significant risks for viral 

genome particles loss (Chan et al., 2022). Therefore, potential freeze-thaw cycles in transit from 

the supplier in Germany could have contributed to virus degradation. Additionally, from the time 

we diluted the virus until the administration with the intravenous injection, many particles could 

have been destroyed due to contact with surfaces such as tests tubes and syringes. The loss of 

genome particles could have reduced the concentration of the virus to a level that was insufficient 

to cause a significant knockout of Bmal1 in cardiomyocytes.  

4.2.2 Dosage 

The AAV9-cTNT-Cre injected was 1x1011 viral genomes (1x1013 vg/mL, 100uL) 

Typically, AAV vectors are purified viral particles in phosphate buffered saline at a concentration 

of 1x1012 particles/mL (Safety & Handling | UNC Vector Core, n.d.). Despite injecting an amount 

that is on the lower end of these recommendations, there still should have been a significant 

knockout of Bmal1 in cardiomyocytes. Consequently, virus viability could have drastically 

affected the viral vector concentrations, contributing to the inability to modify a significant number 

of cells to cause heart dysfunction. Future studies using this type of viral vectors should test 

stronger concentrations of particle/mL to verify if the dosage used was the issue in this study. 
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4.2.1 Viral Antibodies 

The administration of adeno-associated virus serotype 9 (AAV9) is a technique used to 

deliver specific genes using AAV inverted terminal repeats flanking the target DNA sequence 

(Flanking Sequence - Terminology of Molecular Biology for Flanking Sequence – GenScript, 

2024). AAV is the preferred vector for in vivo gene transfer because of its safety, versatility in 

targeting several tissues, and ability to carry many viral genomes with distinct effects. However, 

the use of viral vectors can be complicated by the potential of immune responses, which is a 

substantial challenge with their use (Shirley et al., 2020). Studies have shown that AAV9 

neutralizing antibodies exist, as demonstrated in Chinese patients with Duchenne muscular 

dystrophy (C. Wei et al., 2024). This observation in humans may suggest that antibodies against 

the AAV9-cTNT virus could also neutralize its effects in mice following intravenous 

administration.  

In this study, the viral vectors used was specific to gene sequence Cardiac troponin T 

(cTNT), a cardiac isoform used as a marker of myocardial cell injury. The virus was manufactured 

to use Cre recombinase to selectively remove Bmal1 from cardiomyocytes through the AAV 

delivery to cTNT. While this cardiac specific promoter increases specificity, the degree of 

expression from tissue-restricted promoters may not be as high as global viral promoters (Ambrosi 

et al., 2019). Consequently, even a minor immune response could significantly reduce the virus’ 

efficacy due to lower expression levels.  
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4.3 Cardiac phenotypes prove lack of virus efficiency 

The knockout of Bmal1 was expected to cause cardiac abnormalities progressively, where 

we would have seen significant decreases in heart contractility, heart rate, brain perfusion 

measures, cardiovascular endurance, balance, and mitochondrial efficiency in CBK mice 

compared to controls. However, the cardiac phenotypes assessments shown above demonstrate no 

significant differences over time between control and CBK groups, in agreement with the failure 

of the virus to delete Bmal1 in a significant number of cardiomyocytes to cause heart dysfunction.  

4.3.1 Ultrasound measurement  

Normal fractional shortening (FS) (%) in adult mice anesthetized with isoflurane is 39 ± 

1%, with decreases in FS(%) indicating cardiac dysfunction due to decreases in contractile force 

during systole (Gao et al., 2011; Murphy et al., 2022). For example, FS (%) measured in mice 3 

weeks following transverse aortic constriction was below 25% (Gao et al., 2011). This current 

study found no significant difference in FS (%) over time between the groups, indicating no change 

in heart contractility (Figure 13A). If the virus had been effective, a lower FS (%) in the 

experimental group compared to controls would have been expected because of heart dysfunction 

caused by the removal of Bmal1 in heart muscle cells.  

To follow, changes in heart rate were measured over time from the same ultrasound M-

mode images. Although the number of beats per minute was not different between groups, there 

was a significant decrease over time (Figure 13B). This reduction in heart rate can be attributed 

to age-related changes or to the time under anesthesia. Heart rate naturally decreases with age in 

B57 mice, so a small percentage of the change may have been related to aging (Xing et al., 2009). 
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The mice began the study at 8 weeks old  and completed the final tests at 33 weeks old (7.5 

months), classifying them as mature adults to just approaching middle age (10 months). 

The duration under anesthesia depended on the ease of capturing the ultrasound image, 

potentially influencing the cardiac parameters. Longer times under the influence of isoflurane (2%) 

could have decreased heart rate for some animals, as data acquisition was more challenging for 

some weeks (Roth et al., 2002). Unfortunately, the duration of anesthesia was not logged, which 

should be addressed in the future studies. 

4.3.2 Brain fluorescent imaging 

This technique measured general cerebral perfusion by analyzing bolus dynamics 

following an intravenous injection of indocyanine green. In cases of heart failure, we expected 

cerebral perfusion to decreased due to impaired cardiac function. Consequently, a successful 

knockout of Bmal1 in cardiomyocytes was anticipated to result in higher Trising times in the 

experimental group compared to controls. Decreased heart contractility from cardiac remodeling 

would lead to larger times for the bolus to reach the brain because of reduced pressures. However, 

consistent with the failure to induce heart dysfunction, brain perfusion measures from Trising were 

similar between each group over time, indication of no change in blood supply to the brain (Figure 

13C). 

4.3.3 Treadmill 

Maximum aerobic endurance was used as a measure of cardiac health. The time until 

exhaustion was expected to decrease more substantially in CBK mice compared to controls 

because of the heart condition limiting the supply of oxygenated blood to the periphery. However, 
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in line with the lack of induced heart failure, no significant differences in maximum aerobic 

capacity were observed over time between CBK and control animals. This was demonstrated by 

similar times until exhaustion on the treadmill test across both groups (Figure 14D).  

4.3.4 Rotarod 

The rotarod test, which assesses balance and coordination, was chosen to determine if 

reduced peripheral perfusion caused by heart failure would lead to any motor deficits. We 

hypothesized that such deficits would arise from morphological changes in the cerebellum 

secondary to poor brain perfusion in heart failure (Surgent et al., 2019). Considering the absence 

of heart impairment, genotype did not contribute to variation in balance scores between both 

groups over time at rotarod speeds of 4 RPM, 8 RPM and 12 RPM (Figure 13E). Therefore, the 

systems regulating balance and coordination remained unaffected in both groups. 

4.3.5 Mitochondrial oxygen consumption 

Mitochondria occupy a large portion of the adult heart, where their ability to metabolize 

oxygen and convert it into energy is essential for proper cardiac function. One mechanism of heart 

failure is inadequate energy supply from dysfunctional mitochondria (Tian et al., 2019). Therefore, 

we expected that the deletion of the Bmal1 clock gene would result in lower mitochondrial 

respiratory capacity in experimental animals compared to controls. However, because of the 

inability to induce heart failure, mice from both groups showed no differences in heart respiration 

rates, suggesting similar mitochondrial efficiency within the heart tissue. 
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4.3.6 Heart weight to body weight ratio 

This ratio measured levels of hypertrophy in response to the absence of Bmal1 in 

cardiomyocytes. Larger values would suggest increased heart dysfunction, with a healthy ratio 

being around 3.86 ± 0.18 (Jia et al., 2018). Values obtained were healthy (Figure 13G). There was 

no difference in heart weight to body weight ratios between control and CBK animals, revealing 

no induced cardiac hypertrophy over time. As body weight increased in both groups, this was 

accompanied with larger heart weights to account for large cardiac outputs in these animals (Jia et 

al., 2018). Therefore, ratios would remain unchanged unless cardiac hypertrophy was present. 

4.3.7 Body weight 

Body weight was not significantly different between control and CBK mice. We 

hypothesized that mice with heart failure would have larger body weights because of increased 

sedentary behavior resulting from lower fitness levels associated with heart disease. Both groups 

showed a significant increase in weight over time relative to baseline from week 1 to week 24. 

This weight gain could be attributed to aging, unlimited food supply and sedentary behavior in 

cages. 

4.4 Behavioral phenotypes prove lack of virus efficiency 

The knockout of Bmal1 was expected to cause behavior abnormalities, characterized by 

significant expression of depressive-like phenotypes such as decreased desire for pleasurable 

things, motivation and self-care. Additionally, we expected increases in anxiety-related behavior 

in CBK compared to controls. However, the phenotypes assessments shown above demonstrated 
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no significant differences over time between control and CBK groups. These results could 

potentially be attributed to the inability to induce heart failure in the experimental group.  

4.4.1 Sucrose preference test  

This test assessed levels of anhedonia, a strong endophenotype of depression. The 

regulation of positive emotions typically involved the identification of a stimulus to produce an 

affective state (Gorwood, 2008). Identification occurs in the ventral regions like the amygdala, 

insula, ventral striatum, and ventral regions of the anterior cingulate gyrus and prefrontal cortex. 

Additionally, the dorsal system is involved in executing a function according to the positive 

emotions (Gorwood, 2008). Consequently, heart dysfunction was expected to cause alterations in 

these brain areas regulating mood and cause a decrease in sucrose consumption over time in the 

CBK group. However, no differences in sucrose consumption were observed between groups, 

indicating that the expression of this emotional phenotype remained unaltered over time.  

4.4.2 Splash test 

Grooming time was anticipated to decrease for experimental animals. Considering that a 

reduction in self-care habits is an important phenotype of depression, we expected regions like 

the basal ganglia, which is responsible for habit development, to be affected by the heart 

dysfunction (Smith & Graybiel, 2016). However, this study revealed no significant differences in 

the change in grooming time relative to baseline between controls and CBK mice, suggesting 

similar levels of self-care habits over time for both groups. The absence of cardiac impairment 

may have prevented morphological changes in brain regions regulating self-care habits.  
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4.4.3 Tail suspension test 

Reduced motivation is a key component of depression, where inner will power was 

measured from the time spent immobile while suspended by the tail. Immobility time was 

hypthesized to increase over time because of brain alterations secondary to heart failure, which 

could include downregulation of the activity in the ventral striatum that controls emotions like 

motivation.  However, consistent with the inability to knockout Bmal1 in cardiomyocytes, the 

immobility ratio (%) relative to baseline was not significantly different between control and 

experimental animals, suggesting no differences in expressed motivation between groups over 

time. This indicates that brain regions that control this emotion were not affected. 

4.4.4 Open field test (OFT) 

Anxiety is believed to originate from the activation of the right anterior insula and adjacent 

regions in response to the prediction of negative events (Sasaoka et al., 2022). This emotion was 

evaluated with the OFT because it often accompanies depression, serving as another 

endophenotype that could provide insights about the animal’s state of mind. In this study, controls 

did not spend significantly more time in the center, stand still in the center of the field and did not 

travel more distance compared to experimental animals, thus indicating no differences in expressed 

anxiety-like behavior related to exploration. However, the injection of Bmal1 cardiomyocyte 

knockout viral vectors did influence the latency to enter the center of the field, suggesting 

differences in anxiety-related exploration of new spaces. Future studies would be needed to explain 

these differences considering that in this case, Bmal1 knockout in cardiomyocytes was not 

sufficient to induce a chronic heart condition. 
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4.4.5 Object recognition test 

Short-term memory was expected to decrease more significantly in CBK mice compared 

to control mice. Heart abnormalities were expected to cause alteration in the hypothalamus from 

reduced blood supply, the brain region responsible short-term memory regulation. The test was 

chosen because individuals diagnosed with depression demonstrate increased cases of impaired 

memory recollection compared to healthy adults (Dillon & Pizzagalli, 2018). Given that this study 

aimed to test for a depressive-like phenotype based on the hypothesis that reduced blood flow to 

the brain was causing morphological and physiological changes leading to mood alterations, a 

memory consolidation evaluation was included to provide further insights on the mice’s mental 

state. This study found that genotype did not influence short-term memory over time, shown by 

similar retention ratios between CBK and control animals at each time point. The failure of the 

virus to delete Bmal1 in a significant number of cardiomyocytes to cause heart dysfunction could 

explain the lack of differences between the groups. 

5.0 Conclusion 

This would have been the first study to look at how cardiac phenotypes change following 

progressively induced heart failure and relate the severity of heart dysfunction to alterations in 

behavior. Although PCR analysis confirmed Bmal1 knockout at the gene expression level, the 

evaluation of protein expression failed to identify successful removal of this clock gene in 

cardiomyocytes. As a result, no cardiac impairments developed over time. Several factors could 

have contributed to this outcome, including incorrect dosage administration, issues with the 

viability of the viral vectors or an immune response to the injection bolus. The inability to cause 

heart failure with the AAV9-cTNT-Cre injection was consistent with the results of the study, which 
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demonstrated no significant differences in cardiac function between groups. Consequently, this 

may explain why behavioral phenotypes between control and experimental animals were also 

similar.  

This study could have provided individuals with cardiovascular disease a timeline of 

depression risk and potential reasons why their mental health is degrading following their 

diagnosis. Providing additional foundational knowledge about the heart-brain relationship is still 

necessary to improve the prognosis for individuals diagnosed with heart failure and depression. 

Therefore, there is still large value in future research on this topic to better patient outcomes. 

When this study is redone, the effects of the administration of a stronger dose concentration 

of the viral vectors on protein expression of BMAL1 would need to be evaluated. Longitudinally, 

change in cardiac phenotypes would need to be investigated to confirm that the Bmal1 knockout 

in cardiomyocytes has the desired effects on heart tissue.  

 

5.1 Future considerations 

If I were to redo this study, I would start by performing a protein expression analysis of 

BMAL1 expression in CBK mice at the beginning of the experiment. This verification step would 

have confirmed the inefficiency of the viral vector. Considering that the viability was a potential 

reason for the ineffective viral vector, future experiments should test the efficiency of Bmal1 

deletion by using larger concentrations of the virus and measuring differences in BMAL1 protein 

expression in heart tissue. If higher concentrations prove effective in deleting Bmal1 in 

cardiomyocytes, the next step would be to verify if cardiovascular impairments develop and 

correlate these changes with mood alterations over time.  
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