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ABSTRACT 
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CARDIAC, PULMONARY, AND DIAPHRAMATIC REMODELLING 

FOLLOWING MYOCARDIAL INFARCTION 
 
 
 
Shara Birnbaum       Advisor: 
University of Guelph, 2018     Dr. Jeremy A. Simpson 
 

 

A myocardial infarction (MI) is the death of cardiomyocytes due to deprivation of 

blood flow to cardiac muscle.  Although the respiratory system is a significant contributor 

to one-month mortality, there is a poor understanding of the acute changes following MI.  

The aim of this study was to address the early pathogenesis of the respiratory system by 

investigating the acute dysfunction of the lungs/ diaphragm post-MI.  MIs were surgically 

induced in CD-1 male mice by permanent ligation of the left anterior descending 

coronary artery.  Pulmonary dysfunction, characterized by edema, inflammation, and 

hemoglobin desaturation, was transient and peaked at 7 days post-MI.  Diaphragm 

dysfunction, defined by reduced maximal in vivo strength, had a delayed onset but was 

persistent to study endpoint.  A deeper understanding of the pathophysiological sequelae 

may direct future research into therapeutically targeting the respiratory system as a 

primary source of injury, changing the way that patients are treated post-MI.  
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1 Introduction 
1.1 Heart Failure 

Heart failure is a global epidemic, with 26 million people currently living with the 

disease and the majority of patients dying within 5 years of diagnosis1.  Further, 

prevalence is predicted to increase ~50% by 2030; the rise owes itself to an aging 

population, the adoption of unhealthy Western lifestyles (e.g. high-fat diet, inactivity), 

and a growing incidence of comorbidities (e.g. type II diabetes), which are associated 

with an increased risk for development of heart failure1-4.  In Canada, there are an 

estimated 600 000 people currently living with heart failure, with 50 000 more diagnosed 

each year5.  Heart failure additionally places a financial burden on the country, with over 

2.8 billion dollars dedicated to patient care each year5.   

Heart failure is characterized by the inability of the heart to provide sufficient 

blood flow to meet the body’s metabolic needs6,7.  It can result from an array of possible 

cardiovascular diseases, and can develop acutely, due to a sudden loss of contractile 

tissue (e.g. myocardial infarction – MI) or progressively, due to a consistent myocardial 

stress (e.g. hypertension).  Paradoxically, as one of the most prevalent causes of 

morbidity and mortality worldwide, there remains a lack of effective treatment strategies, 

with current therapies aimed at mitigating risk factors as opposed to curing the disease2,4.   

The respiratory organs play a critical role in acute mortality post-MI, and 

therefore, understanding the cardiopulmonary changes post-MI will help inform the 

necessary next steps in the development of new therapies to treat this growing patient 

population.  A basal characterization of the acute respiratory pathology in MI-induced 
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heart failure will help direct future research into targeting the respiratory system as a 

primary source of injury following MI.   

1.2 Anatomy and Physiology 

1.2.1 Heart 
Anatomy – The mammalian heart is a four-chambered organ responsible for 

pumping blood into the arteries to circulate through the body.  The myocardium, the 

force-producing muscle of the heart, is made up of a variety of cell types including 

cardiomyocytes, fibroblasts, and endothelial cells; cardiomyocytes compose the majority 

of heart tissue by volume8.  Cardiomyocytes are muscle cells specific to the heart, and are 

responsible for generating the heart’s contractile force.  They are structurally linked to 

quickly pass electrical activity, enabling them to contract as a single unit to propel blood 

out of the heart, executing the heart’s primary function.  

Cardiac Cycle – Each 

heartbeat is composed of two phases: 

diastole and systole (Figure 1).   

During diastole, the ventricles are 

relaxed, and pressure gradients 

permit blood to largely flow passively from 

the right and left atria into the right and left 

ventricles, respectively.  During systole, the cardiomyocytes contract and pressure is 

generated in the ventricle, expelling blood out of the heart and into arteries.  Blood from 

the left ventricle, which enters the systemic arteries, carries oxygen and nutrients to the 

tissues, and returns in veins with metabolic byproducts.  Blood from the right ventricle 

enters the pulmonary circulation, and deoxygenated blood is reoxygenated in the lungs.  

Figure 1. Cardiac Cycle. 
Retrieved from https://www.euroclinix.net/en/high-
blood-pressure/diastolic-systolic-blood-pressure 
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Cardiac output is the amount of blood pumped by the ventricle in one minute, and is 

calculated by multiplying stroke volume and heart rate (cardiac output=stroke 

volume*heart rate).  The cardiac cycle is repeated ~70 times per minute in humans, and 

~600 per minute in mice, in accordance to fulfill the metabolic demands of each 

organism9,10.  

Coronary Circulation – The coronary circulation, comprised of arteries and 

veins that deliver oxygen and remove metabolic waste from cardiac tissue, supplies 

perfusion to the heart.  Blood outflow from the coronary circulation juxtaposes the 

rhythm from the ventricles; blood is delivered to the coronary arteries during diastole, not 

systole.  As with other arteries in the body, coronary 

arteries are subject to pathological thickening of the 

vessel walls (atherosclerosis), which together makes 

them susceptible to blockages and resultant ischemia. 

1.2.2 Respiratory System 
 There is a direct pathway between the heart and 

lungs via the pulmonary veins and arteries (Figure 2).  

Further, the two organs coexist in a shared space in the 

thoracic cavity.  Their physical proximity is linked with 

their physiological relationship; variations in cardiac 

pressure can influence pulmonary vascular pressures, 

and vice versa.  For example, disease states such as cor 

pulmonale and pulmonary hypertension both present 

with volume or pressure “back-ups” in the closed 

Figure 2. Cardiorespiratory System 
Adapted from MidlandTech.EDU 
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circuit between the lungs and the heart11.  Thus, in any discussion of the heart, it is 

pertinent to define the role of the lungs as well.  Going forward in this thesis, “the 

respiratory system” will collectively refer to the lungs and the diaphragm.  

 

Lungs 

Structure – The pulmonary system is composed of airways that conduct oxygen 

from the atmosphere to the bloodstream.  In mammals, the right lung has three lobes, 

whereas the left lung only has two in order to accommodate the physical volume of the 

heart in the left side of the chest.  Beginning from the mouth and nose, the trachea carries 

air to two bronchi, which both split into 

numerous smaller bronchioles, and 

terminate as alveolar ducts (Figure 3).  The 

conducting zone is composed of the trachea, 

bronchi and terminal bronchioles and the 

respiratory zone is composed of respiratory 

bronchioles and alveolar ducts.  These ducts 

contain approximately 500 million alveoli, 

arranged in such a manner to increase 

surface area available for gas exchange 

while minimizing the volume they occupy 

within the chest.   

  

Figure 3. The Respiratory Tree.  
Adapted from biorender.io 
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Function – A main function of the lungs is respiration, exchanging carbon 

dioxide for oxygen.  Capillaries surround the alveoli, and gas exchange occurs through 

diffusion at this alveolar-capillary interface.  Diffusion occurs passively, as the oxygen 

moves from areas of high concentration in the alveoli to low concentration in the 

capillary.  Once in the capillaries, the oxygen binds to hemoglobin within red blood cells.  

Oxygenated blood is then delivered to the left ventricle, where it can be pumped out and 

distributed to the tissues.  

The lungs and chest wall both have inherent elastic properties that define the 

mechanics of breathing; because the lungs and chest wall are connected via a fluid layer 

in the pleural space, their elastic properties influence one another.  Equilibrium is defined 

as an even balance between the inward recoil of the lung and the outward spring of the 

chest wall, which is also known as functional residual capacity12.  Inhalation occurs when 

the respiratory muscles contract and the thoracic cavity volume therefore increases.  This 

creates a negative pressure in the thoracic cavity, which draws air in to the alveoli.  To 

exhale, the respiratory muscle relaxes, and elastic recoil of the lung reduces thoracic 

cavity volume, which creates a positive 

pressure inside of the lung to force air out.   

Another important component to 

this volume-pressure system is pulmonary 

compliance.  Compliance is defined as the 

change of volume divided by the change 

of pressure; on a pressure-volume curve, 

the slope represents compliance (Figure 4).  

Figure 4. Pulmonary Compliance.  
Adapted from West’s Respiratory Physiology (2016) 
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This term is used clinically to describe the function of the lungs, as compliance can be 

either increased or decreased in disease states.  In a healthy system, the inward and 

outward properties of the lung and chest wall are optimized to minimize the work of 

breathing.  

In capillaries, inward and outward forces control the movement of fluid and 

proteins across the vessel membrane.  Plasma can leak through the small gaps between 

capillary endothelial cells.  In the lung, the movement of fluid outward from the 

capillaries into the pulmonary interstitium is driven by the (1) hydrostatic capillary 

pressure, (2) interstitial oncotic pressure, and (3) negative interstitial fluid pressure.  The 

force that tends to cause fluid absorption into the capillaries is the plasma oncotic 

pressure.  Typically, the outward forces are slightly greater than the inward forces, 

resulting in a small extravasation of fluid that is taken up by the lymphatic system, 

leaving inconsequential levels of fluid in the interstitium and essentially none in the 

alveoli.  Fluid-free alveoli are essential for optimal gas exchange to occur, as oxygen 

must diffuse across the alveoli-capillary membrane, and a fluid barrier slows the 

diffusion rate.  However, the pressure balance can be disturbed, as any element that 

increases the pulmonary interstitial fluid pressure to rise to a positive value will result in 

rapid filling of the interstitial space, and ultimately the alveoli, with free fluid.  An 

increase in extravascular lung water is the hallmark of pulmonary edema.  

1.2.3 Diaphragm  

Structure – The diaphragm is a dome-shaped structure composed of skeletal 

muscle and fibrous tissue, and is the primary muscle for inspiration13.  It is a skeletal 

muscle under both voluntary and involuntary control; thus, inspiration can occur at both a 
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conscious and subconscious level.  The diaphragm is anatomically designed to mediate 

ventilation as it is positioned in a closed pressure system between the thoracic and 

abdominal cavities with the capacity to adjust lung volume by contracting and relaxing. 

Function – As continuous respiration is essential for life, the diaphragm is in 

perpetual contractile cycles from birth until death.  Diaphragmatic contraction generates 

the volume change in the thoracic cavity that initiates airflow.  To inspire, the diaphragm 

contracts and moves inferiorly, increasing the volume of the thoracic cavity.  This 

reduces alveolar pressure, which stimulates the inflow of air from the atmosphere down a 

pressure gradient.  During passive expiration, the diaphragm relaxes and returns to its 

resting muscle length, reducing the thoracic volume, and therefore increasing pressure in 

the alveoli.  Air passively exits the lung, again following a path to lower pressure.  There 

are accessory muscles (e.g. intercostal muscles) that aid in ventilation, but they will not 

be discussed in this review, as their role in normal respiration in the acute stages 

following MI is minimal.  

 

1.3 Pathophysiology  

1.3.1 Myocardial Infarction 
A large percentage of heart failure cases are caused by ischemic damage to the 

myocardium and subsequent necrosis of cardiomyocytes.  This is known clinically as 

myocardial infarction (MI), or more commonly as a “heart attack”.  About 22% of male 

and 46% of female MI patients will develop heart failure within 6 years14.  Each year in 

Canada, there are 55 000 patients hospitalized for a first-time MI, and 490 000 Canadians 

living with previous history of MI15.  
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1.3.2 Heart 
MI, an ischemic event within the coronary circulation, deprives the 

cardiomyocytes of blood, leading to cell necrosis and a dysfunctional myocardium.  

Subsequent heart failure may develop if the cell death hinders the muscle’s ability to 

sufficiently pump blood to the peripheral organs16.  In humans, MI is most often caused 

by atherosclerosis (plaque build-up) or thrombosis (blood clots) within the coronary 

circulation, which can obstruct blood flow and lead to an ischemic event17.  

Due to the significant prevalence of MI, 

experimental models were developed to study the 

sequelae of subsequent events.  In mice, the left 

anterior descending coronary artery is surgically 

ligated to induce a left ventricular MI (Figure 5).   

This is a valuable model to study cardiovascular 

remodeling, as this method recapitulates many of 

the pathological processes that occurs in humans18.  

These adaptations have been explored at length in 

both humans and rodent models19-21. 

The acute period (i.e. first month) is a crucial indicator of survival following MI, 

as 85% of one-month deaths occur within the first 24 hours, and those who survive the 

first month have an 81% chance of surviving out to 4.5 years (Figure 6)22.  Hallmark 

changes are dilation of the left ventricle, hypertrophy of remaining cardiomyocytes, and 

formation of a collagen scar19.  

Figure 5. Left Anterior Descending 
Artery Ligation.  
Retrieved from 
https://sites.google.com/a/umich.edu/mortense
nlab/research-interests 
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Figure 6. Survival of Men post-MI. Adapted from Weinblatt et al. (1968) 

At a whole body level, hemodynamic changes occur with a rapid drop in blood 

pressure at the time of infarct that, in most cases, remains hypotensive23.  The death of 

cardiomyocytes causes initial dilation of the left ventricle as the loss of muscle expands 

the chamber size.  Over time, volume overload in the left ventricle due to insufficient 

ejection drives eccentric hypertrophy20,21.  While initially compensatory, dilation 

ultimately becomes pathological, as it promotes further enlargement and dysfunction21. 

Additionally, the heart’s shape is geometrically distorted in this time; the bullet or oval 

shape of a healthy heart conforms to a ballooned circle, as the left ventricle dilates 

(Figure 7)21.  The electrical system of the heart is also affected by left ventricle dilation.  

Gaudron et al. show that a higher degree of dilation decreases stability of the cardiac 

electrical system, thus increasing the patient’s risk for arrhythmias and sudden cardiac 

death24.  Some aspects of cardiac remodeling may originate as a compensatory response 

to a stress, but can become pathological and worsen overtime.  
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Figure 7. Left Ventricle Remodeling post-MI. Long-axis view depicts the shape of a healthy 
(left panel) and MI (right panel) heart in systole and diastole. ‘D’ designated chamber 
diameter at mid-papillary region. Adapted from Platt et al. (2017). 

During the first month at a cellular level, both the instigation and resolution of 

inflammation lead to a stable infarct.  Initially, the necrotic cardiomyocytes recruit 

inflammatory cytokines to the infarcted site, and leukocytes clear the necrotic debris19,25.  

In the first few days, the infarcted wall is thin, and susceptible to rupture25.  After 

approximately 5 days, collagen forms to replace necrotic tissue at the infarct site, and 

angiogenesis begins.  Around week 2-3 post-MI, the leukocytes dissipate, removal of 

necrotic tissue is complete, and the collagen scar matures and stabilizes23.  Interestingly, 

Nahrendorf and colleagues identify two distinct phases of monocyte participation in the 

acute stage post-MI, and determine differential function of these cells25; the monocytes 

recruited in the first 3 days mandate the phagocytic, proteolytic and inflammatory 

functions of healing, where as the second round of monocytes attenuate inflammation and 

promote reparative processes such as angiogenesis and granulation tissue formation25.   
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One important factor in the healing process is vascular endothelial growth factor 

(VEGF).  VEGF is a crucial protein for stimulating angiogenesis, which is up-regulated 

post-MI in both humans and experimental models26,27.  Markedly, patients who show 

improved left ventricle systolic function post-MI have higher serum levels of VEGF than 

patients who show no improvement27; this further implicates an important role for VEGF 

in cardiac tissue recovery.  While acute inflammation is necessary for clearing cellular 

debris and promoting the recovery of cardiac perfusion, chronic inflammation can 

stimulate the development of heart failure post-MI19,21.  Here, however, we will only 

focus on the changes in the first month.  

1.3.3 Lungs 
Clinically, it has been long acknowledged that the lungs are affected following 

MI; several studies from ~80 years ago report stiffer lungs and pulmonary edema in 

patients with heart disease28-31.  More recent reports additionally catalogue alterations in 

lung function and impaired oxygen diffusion in MI patients32-34.  However, these effects 

are assumed to be secondary consequences of impaired cardiac hemodynamics, and as 

such, treatments directly for the lung have not been established.  This is surprising, as 

pulmonary edema is a prominent predictor of first month mortality post-MI; it is one of 

three factors that increases risk of death from 2.3% to 35.5%22.  For an aspect that may be 

critically linked to mortality, it is surprising that it remains poorly understood decades 

later.  

Pulmonary edema following MI is explained by the conventional hemodynamic 

theory.  Systolic dysfunction post-MI (i.e. failure to sufficiently eject blood) increases 

residual left ventricle volume, resulting in an elevated left ventricular end-diastolic 

pressure.  This volume, and resulting pressure, gets ‘backed up’ travelling through the left 
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atria into the pulmonary venous circulation35.  The elevated pressure in the pulmonary 

veins increases the hydrostatic pressure in the pulmonary capillaries, disturbing the 

balance of the forces that control fluid and protein movement in and out of the 

vasculature.  The pressure elevation causes more fluid to leak through the small gaps 

between capillary endothelial cells35.  When the fluid that escapes the blood exceeds the 

capacity that the lymphatic system can drain, fluid fills the interstitium, and then enters 

the alveoli.  Extravascular fluid significantly impairs gas exchange because it impedes the 

ability of oxygen to diffuse across the alveolar-capillary membrane36.  Pressure-induced 

pulmonary edema is typically denoted “cardiogenic edema”, and the leaked fluid does not 

contain inflammatory cells37.  Conversely, pulmonary edema can also be caused by an 

increased leakiness of the vasculature; this fluid contains more protein owing to the 

impairments in the capillary barriers that permit the transport of larger cells, and is more 

rare in heart failure patients.  The hemodynamic theory was the foundation of clinical 

practice of heart failure; for decades, the term “heart failure” was interchangeable with 

“congestive heart failure”.  The majority of heart failure patients exhibit signs of 

pulmonary edema or congestion, and the pressure changes are assumed to be the culprit38.  

However, recent studies suggest hemodynamic changes may not be the only basis for 

edema. 

 Examining alternative heart failure models suggests that elevated left ventricle 

filling pressures do not fully govern pulmonary edema.  In the transverse aortic 

constriction model of heart failure, left ventricular end-diastolic pressure is consistently 

elevated at 2, 4, 9 and 18 weeks post surgical intervention, just as it is in the MI model 

(Figure 8)39.  If left ventricular end-diastolic pressure is the sole determinant of 
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pulmonary edema, the equivalent pressure elevation should induce the same degree of 

edema that is observed in MI animals; however, there is no evidence of pulmonary edema 

in the transverse aortic constriction model40.  This finding is recapitulated in several 

forms of heart failure (e.g. aortic stenosis, aortic insufficiency, and mitral regurgitation) 

in which the left ventricular end-diastolic pressure becomes elevated, yet unlike MI, 

pulmonary edema and/or rales are rarely observed41.  Thus, the hemodynamic theory 

proves to incompletely explain pulmonary edema following MI.  

 

Figure 8. Left Ventricular End Diastolic Pressure following TAC and MI. Adapted from Huber (2014) 

MI patients with pulmonary edema have a higher work of breathing, an elevated 

dead space and adopt a rapid shallow breathing pattern42,43.  Pulmonary damage becomes 

symptomatic in the initial 3 days, but slowly recovers in the subsequent weeks44.  This 

highlights an additional reason that pulmonary alterations post-MI require further studies; 

patients are typically released from the hospital within 48 hours after MI45, yet pulmonary 

complications generally do not arise until 3 days44.  Critically, it is the signs and 

symptoms of congestion, rather than low cardiac output, that are the leading cause of re-

hospitalization post-MI46,47.  Fluid in the lung causes hypoxemia, which can lead to 



 

14 

dyspnea, exercise intolerance, and reduced quality of life42.  Patients also experience 

reductions in lung compliance, which may be due to collapsed alveoli and pulmonary 

edema28.  While it is well documented that pulmonary edema occurs in MI patients, 

treatment is dictated by cardiac pressures, which may not be entirely responsible for these 

pulmonary alterations.  While diuretics would be effective to eliminate pulmonary 

edema, the common side effect of hypotension can prove fatal for MI patients, and thus 

they cannot be prescribed48.   

Clinically, edema is the most common type of pulmonary remodeling seen in 

patients; however, additional forms are observed in MI models.  While patient 

observations are preserved, additional chronic alterations include changes to the vascular 

structure, such as muscularization of the arteries and arterioles, and structural remodeling, 

such as interstitial fibrosis49.  It is likely that animals display further pulmonary 

remodeling as investigations in patients are limited due to the invasive nature of 

respiratory function testing.  Jasmin et al. propose that collagen deposition is initially a 

protective mechanism against higher filling pressures that induce edema, but contributes 

to a pathological state of fibrotic lungs and reduced compliance49.  Thickening of the 

alveolar-capillary barrier is also observed, which impairs gas exchange49,50.  Animals do 

not exhibit pulmonary edema between 4 and 8 weeks post-MI49-51.  As clinical data 

typically reports pulmonary edema in the first month following MI, it seems that edema 

is an acute and transient response, while the structural remodeling is chronic and 

persistent.  Importantly, all of these alterations affect the ability of the lung to function 

effectively, highlighting the need to monitor the pulmonary system post-MI.  
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1.3.4 Diaphragm  

 Respiratory muscle dysfunction occurs in both animal models and patients of 

heart failure; this dysfunction manifests itself as reduced maximal diaphragmatic strength 

and endurance52-58.  However, while the presence of dysfunction in heart failure is 

established, the initial cause and pathogenesis post-MI remain relatively unexplored.  The 

mechanism of diaphragm dysfunction represents a critical gap in knowledge that warrants 

future research as the mortality rate of hospital patients with respiratory failure is twice 

that of patients without respiratory failure59. 

 Presently, diaphragm weakness post-MI is considered a slowly developing 

condition that progressively worsens over weeks to months.  Thus, it has largely been 

studied at more advanced time points in models of heart failure60-62.  However, a recent 

study found diaphragm weakness as early as 72 hours post-MI in rats, suggesting that MI 

patients are immediately at risk of diaphragm dysfunction63.  Given that these early-stage 

findings currently stand alone, additional studies are required to delineate the mechanism 

of diaphragm weakness following MI.  

MI-induced heart failure causes limb and diaphragm weakness, which contribute 

to exercise intolerance.  However, cardiac hemodynamics prove to be poorly correlated to 

the degree of diaphragm muscle dysfunction.  While limb skeletal muscle dysfunction is 

associated with the degree of cardiac injury, exercise capacity does not follow the same 

linear relationship64.  Mangner and colleagues show that muscle myopathy in the limb 

and diaphragm develop dissimilarly; while both muscles are injured, limb muscles 

experience impaired energy metabolism whereas the diaphragm does not65.  This suggests 

that diaphragm dysfunction post-MI may follow a mechanism distinct to that of limb 
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muscles; the myopathy is not simply a result of a low blood supply due to cardiac 

dysfunction.  While exercise intolerance is a combined effect of both limb and diaphragm 

myopathy, treatment for the two muscle groups may need to be considered individually.  

As the diaphragm is constitutively active, it may be more vulnerable to damage.  

One example of the diaphragm’s distinct susceptibility is its response to mechanical 

ventilation.  Mechanical ventilation is a clinical technique used to sustain pulmonary gas 

exchange for those who are unable to ventilate on their own.  In just 18 hours of 

mechanical ventilation, the rat diaphragm exhibits significant fiber atrophy, whereas the 

limb muscles show no signs of damage66,67.  Further, the rate of atrophy in the diaphragm 

greatly exceeds that of limb skeletal muscles66,67.  Although there are no studies directly 

testing diaphragm contractile function after prolonged mechanical ventilation in humans, 

respiratory muscle dysfunction is a common problem in intensive care units68,69.  

Interestingly, both overstimulation (i.e. increased ventilatory drive) and under stimulation 

(i.e. prolonged mechanical ventilation) of the diaphragm can induce atrophy68,70.  From 

these findings, it is evident that the diaphragm is susceptible to damage post-MI; however 

more investigation is needed to define the progression of the dysfunction, in order to 

intervene.  

 

1.4 Current MI Treatment Standards  
Although it is apparent that the lungs and diaphragm are affected post-MI, the 

respiratory system is fundamentally ignored in current clinical protocols.  Since 1980, 

two governing voices in the cardiac care field, the American College of Cardiology and 

the American Heart Association, have collaborated to compose guidelines for the 

standard-of-care procedures following MI71.  This committee also reviews emerging 
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literature at least twice a year and releases updated recommendations as needed72.  These 

guidelines are designed to standardize treatment by providing clinicians with the most up 

to date information on patient care.  Critically, while the guidelines cover an extensive 

range of topics, there is no mention of the respiratory system.  Clinical signs of 

pulmonary damage post-MI have been acknowledged for decades, and yet the key leaders 

on MI management do not advocate for its consideration.  A lack of attention to the 

respiratory system is also seen in a more recent study by Bradley and colleagues73.  Their 

group investigated ways in which hospitals could reduce 30-day mortality in MI patients, 

particularly relevant to this discussion as the majority of respiratory impairments occur in 

the first 30 days73.  However, all of their parameters focus solely on the cardiac side, 

discussing the benefits of having a cardiologist on call at all times, or suggesting a 

pharmacist as an alternate; no consult with a respirologist is considered.  Further, the 

study examines the benefits of coordination with other departments, listing cardiology 

and emergency medicine as two examples of units, but exempting the respiratory unit.  In 

clinical practice, monitoring, diagnosis, and treatment of the lungs are not considered.  

 The first line of treatment for MI patients is thrombolysis and reperfusion, in 

attempt to regain coronary blood flow and limit the infarct region.  Drug delivery can be 

attained through pharmacological agents (fibrinolysis) or via a catheter (percutaneous 

coronary intervention)71.  Once the infarct has developed, pharmacological interventions 

are used to minimize pathological cardiac remodeling, such as infarct expansion and 

ventricle dilation, and to improve long-term survival19.  These include nitrates 

(nitroglycerin), angiotensin-converting enzyme inhibitors, and beta-blockers.  Ionotropic 

agents (e.g. digitalis and dobutamin) are acutely advocated to increased cardiac muscle 
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contractility if tissue hypoperfusion occurs71.  All acute treatments for MI are targeted 

towards the cardiovascular system.  

The discharge protocol is also relevant to the acute treatment following MI.  The 

length of hospital stay has decreased over the years, where currently, uncomplicated MI 

cases are discharged within 2 days of admission45,74.  While studies show that this time 

period is sufficient to monitor cardiac changes, the respiratory changes may not follow 

the same timeline75.  Notably, post-discharge mortality of MI patients is increasing, 

primarily due to non-cardiovascular morbidities76.  Thus, it is possible that while current 

guidelines allot adequate time to monitor acute cardiac complications, they are not long 

enough to properly monitor acute respiratory complications.  

The chronic management of MI patients is directed at treating comorbidities to 

delay the development of heart failure.  In addition to the medications listed above, these 

interventions include the reduction of lifestyle factors (e.g. smoking, diet) which reduce 

the risk of further damage16.  Finally, cardiac rehabilitation is a crucial aspect of long-

term recovery, recommended for all MI patients77,78.  Markedly, the lungs and the 

diaphragm are critical in the success of exercise, as exercise increases respiration and 

required blood oxygenation.  Thus, it is important for the respiratory organs to be 

functional for rehabilitation protocols.  
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2 Hypothesis and Aims 
2.1 Study Rationale 

MI-induced heart failure is a major global epidemic.  However, the size of the 

infarct does not predict acute or chronic mortality, which suggests that survival is not 

dependent on the extent of the injury22,79.  As both the lungs and diaphragm experience 

dysfunction following MI, and are implicated in post-MI symptoms (i.e. pulmonary 

edema, dyspnea, exercise intolerance), we need to further investigate the response of 

these respiratory organs.  

Despite numerous studies reporting pulmonary edema in MI patients, the incipient 

cause of this impairment remain largely uninvestigated22,28,29,31,33,34.  For decades, it has 

been viewed as a secondary consequence of pressure changes as a result of altered 

hemodynamics.  As such, treatment strategies manage the cardiac pressure changes, 

which may not alleviate the lung injury.  Additionally, diaphragm dysfunction in heart 

failure is well established, but the acute pathogenesis post-MI remains unknown52-58.  

 To date, few studies have characterized the acute respiratory changes post-MI, 

and thus the objective of this thesis is to address this gap in knowledge.  Before a 

treatment plan can be established, we must determine the sequence of interacting events 

between the heart, lung, and diaphragm in the early stages following infarction.  If 

mortality does not correlate to the extent of necrotic heart tissue, an increased 

understanding of the respiratory system post-MI could provide additional therapeutic 

strategies, ultimately increasing exercise tolerance, reducing mortality, and improving 

overall patient quality of life.  
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2.2 Aims  
1. To understand the pathophysiological progression of cardiac, pulmonary and 

diaphragmatic dysfunction in the first month following MI 

2. To investigate the acute relationship between cardiac hemodynamics and 

pulmonary edema following MI 

 

2.3 Hypothesis  
1. We hypothesize that the damage to the lung will be acute and transient, whereas 

the diaphragm will experience persistent and progressive dysfunction in the first 

month following MI.  

2. We hypothesize that left ventricle end diastolic pressure will not correlate to 

pulmonary edema.   
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3 Methods 
3.1 Animal Care 
CD-1 male mice were obtained from Charles River Laboratories International Inc. 

(Quebec, Canada) at 7-8 weeks of age, and housed in cages of 3-4 animals on an 8:00 to 

20:00 light/dark cycle.  Standard rodent chow and water were provided ad libitum.  Mice 

were acclimatized to the environment for one week prior to surgical intervention.  All 

protocols were approved by the University of Guelph Animal Care Committee, in 

accordance to guidelines set forth by the Canadian Council on Animal Care.  

 

Experimental Design  

Figure 9. Schematic design of the first 14 days of the study 

3.2 Surgical Intervention 
Mice, aged 8-9 weeks (~35g body weight), were randomly assigned to either myocardial 

infarction or sham groups.  Animals were anesthetized (5%:100% isoflurane/oxygen), 

intubated, and connected to a ventilator (MiniVent Ventilator, Harvard Apparatus) at a 

rate of 250 breaths per minute with a tidal volume of 300µL.  Once intubated, the 

anesthesia was reduced to 2%:100% isoflurane/oxygen for the remainder of the surgery 
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(MicroVent 1, Hallowell EMC).  Mice were placed in a supine position and body 

temperature was maintained using a heated pad (T/pump, Stryker).  The left lateral rib 

cage was shaved, and the incision area was sanitized with a tri-step procedure of a 

soap/water solution, 70% ethanol and 5% iodine.  The thoracic cavity was entered 

through the third intercostal space and a small cotton ball was used to temporarily 

collapse and displace the left lung in order to expose the heart.  The left anterior 

descending coronary artery was permanently ligated inferior to the atrio-ventricular 

border (surgiproTMII polypropylene 7-0 suture, Covidien).  This occlusion was deemed 

successful when the left ventricle wall turned pale.  After reflating the lung by pinching 

the outflow tract of the ventilator, the ribs and skin were both sutured (5-0 SofsilkTM 

suture, Covidien).  The mice were then introduced to room air, and gradually weaned 

from the ventilator once spontaneous breaths resumed.  Sham surgeries followed the 

same protocol but the artery was not ligated.  Animals were monitored twice daily during 

recovery until sacrificed at pre-determined time points (i.e. 1, 3, 7, 14 or 28 days post-

surgery).   

 

3.3 Pulmonary Rales 
On a daily basis after the surgical intervention, each mouse was monitored for the 

presence of pulmonary rales until day 14.  The severity of rales was measured based on a 

rales scale ranging from 0-4 (0 = no rales or pop/crackle; 1 = less than 1 rale every 2 

breaths; 2 = 1 rale every 2 breaths; 3 = 1 rale per breath; 4=multiple rales per breath).  
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3.4 Hemoglobin Saturation  
To measure hemoglobin saturation, the hair around the mouse’s neck was removed using 

NairTM hair removal cream.  Twenty-four hours after hair removal, the hemoglobin 

saturation was measured using MouseOx Plus (Starr Life Sciences Corp) in accordance to 

manufacturer’s instructions.  Mice were briefly anesthetized (5%:100% 

isoflurane/oxygen) in order to properly attach the CollarClip Sensor, and allowed to 

acclimatize to sensor and cage off anesthetic.  Conscious data was collected for 10 

minutes using MouseOx Plus Premium Software.  Only data that was free of artifacts (i.e. 

error codes on the software) were used for analysis.  

 

3.5 In Vivo Diaphragm Function (Respiratory and Occlusion Pressures)  
Mice were anaesthetized (2%:100% isoflurane/oxygen), intubated and a 1.2F pressure 

catheter (Transonic Scisense Inc.) was advanced down the esophagus.  Correct placement 

of the catheter had it stationed in the thoracic cavity, just superior to the abdominal 

cavity.  Eupneic breathing measurements were recorded for all animals when their breath 

rate was stabilized under light anesthetic and their core body temperature was ~37°C as 

monitored by a rectal thermometer.  Pressure signals were recorded, digitized and later 

analyzed using analytical software (LabScribe3, iWorx).  Inspiratory pressure was 

calculated as the difference between the base and the peak of a given inflection.  In a 

subset of animals, the intubating catheter was retrofitted with a compressible tube that 

could facilitate airway occlusions.  At end expiration, the trachea was compressed, and 

occluded esophageal pressures were recorded for ~40 seconds.  Maximum inspiratory 

pressure was demarcated when pressure generation reached a plateau.  After occlusion 

pressures were recorded, subsequent cardiac parameters (i.e. invasive hemodynamics) 
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were not measured for at least 24 hours to ensure no residual effects would impose 

artifacts.  

 

3.6 Echocardiography  
One day prior to terminal data collection, mice were anaesthetized (1.5%:100% 

isoflurane/oxygen), and placed on a heated pad to maintain a ~37°C core body 

temperature.  Multiple images per animal were obtained within 10 minutes using the 

VisualSonics Inc. Vevo 770 system (VisualSonics Inc.) and a 30MHz transducer 

(RMV70SC).  Parasternal long-axis images were obtained in two-dimensional brightness-

mode (B-mode) and one-dimensional motion-mode (M-mode) at the level of the papillary 

muscles.  Left ventricle dimensions, heart rate, and respiratory rate were measured and 

used to calculate standard cardiac parameters as described in Table 1.  Additionally, 

Doppler-derived blood flow was measured through the pulmonary trunk, as previously 

described80, and these values were used to calculate stroke volume and cardiac output 

(see Table 1).  Sample echocardiographic images are found in Appendix 2.  
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Table 1. Echocardiography Parameters 

Parameter Calculated Acronym Equation 
End Systolic Diameter ESD  
End Diastolic Diameter EDD  
End Systolic Volume  ESV ESV=[7.0/(2.4+ESD)]*ESD3 
End Diastolic Volume  EDV EDV=[7.0/(2.4+EDD)]*EDD3 
Fractional Shortening  FS FS=[(EDD-ESD)/EDD]*100% 
Ejection Fraction  EF EF=[(EDV-ESV)/EDV]*100% 
Stroke Volume SV SV=EDV-ESV 
Cardiac Output CO CO=SV*heart rate 
Velocity-Time Integral  VTI  
Pulmonary Flow Stroke Volume PF SV PF SV=VTI π (pulmonary trunk diameter/2)2 
Pulmonary Flow Cardiac Output  PF CO PF CO=(PF SV*heart rate)*100% 
 

3.7 Hemodynamic Analysis  
At 1, 3, 7, 14 or 28 days post-surgery, mice were anaesthetized (2%:100% 

isoflurane/oxygen) and core body temperature was maintained at 37°C using a rectal 

thermometer and a heated pad.  A 1.2F pressure catheter was inserted into the right 

jugular vein and advanced into the right ventricle.  Pressure tracings of the right ventricle 

were recorded and various measurements of cardiac function were later analyzed using 

analytical software.  Similarly, to obtain left ventricle function, the pressure catheter was 

inserted into the right carotid artery and advanced into the left ventricle.  Following 

pressure recordings, blood was collected from the right carotid artery until exsanguinated, 

and the mice were assigned for bronchoalveolar lavage and compliance curve 

measurements prior to tissue collection.   

Note: Tau is a time constant of isovolumetric ventricular pressure decay, and an 

established indicator of diastolic function.  While researchers have published varying 

formulas to calculate this index of relaxation, this thesis will use Weiss’s formula.   
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3.8 Blood Collection and Hematocrit 
Blood was centrifuged for 20 minutes at 4°C at a rate of 12 000 revolutions per minute.  

Serum was snap frozen and stored in -80°C for later analysis.  Additionally, blood was 

collected in hematocrit tubes (two samples per animal), and centrifuged for 10 minutes.  

The hematocrit was determined by dividing the length of packed blood cells by the length 

of the whole blood column. 

 

3.9 Lung Compliance and Bronchoalveolar Lavage 
Lung compliance was tested immediately after termination.  A neck incision was made to 

reveal the trachea, and an intubation tube was inserted and sutured into place.  The 

trachea was connected in a closed system by a 3-way port to a ventilator, pressure 

transducer (P17 Low Range Pressure Transducer, Validyne) and a 1mL-graduated 

syringe.  The pressure-volume relationship of the lung was determined by dispensing 

gradual changes in lung volume (100µL to 600µL in 100µL increments) and measuring 

the subsequent change in tracheal pressure.  Prior to each measurement, lungs were 

ventilated for ~30 seconds to prevent alveolar atelectasis and to ensure consistent lung 

history between measurements.  Afterwards, a bronchoalveolar lavage was performed.  

An intubation tube was inserted and secured in to the trachea of the mouse that was taped 

to a surgical tray.  Next, 400µL of Gibco phosphate buffered saline (Fisher Scientific) 

was slowly introduced into the lungs and the surgical tray was tilted laterally in both 

directions 10 times to ensure complete distribution of fluid through the pulmonary 

airways.  This liquid was removed and stored, and the process was repeated twice, each 

with 300µL of phosphate buffered saline. 200µL of this fluid was then pipetted on to a 

histology slide, and centrifuged at 200 rpm for 6 minutes.  After, the slide was stained 
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with Wright Stain, which differentiates between blood cells types, for later quantitative 

analysis of leukocytes.  

 

3.10 Tissue Collection 
The left half of the lung was excised and snap frozen for future molecular analysis, and 

the right side was drip fixed at 20 cmH2O for 20 minutes using 10% neutral buffered 

formalin (VWR).  The heart and diaphragm were excised and stored in 10% neutral 

buffered formalin for 48 hours, after which they were transferred to 70% ethanol until 

tissue processing.  Alternatively, if the animal was assigned to molecular analysis, the 

same tissues were removed, snap-frozen and stored at -80°C.  Tibial length, spleen 

weight and kidney weight was recorded in all animals.   

 

3.11 Histology  
After tissue processing, heart and lung samples were embedded in paraffin wax.  Next, 

paraffin-embedded tissues were sliced at 5µm and mounted on charged 1.2mm Superfrost 

slides (Fisher Scientific).  Sections were stained with picrosirius red stain (Fisher 

Scientific), or Gomori one-step trichrome (Poly Scientific) (see Appendix 1 for 

protocols).  Bright field images were acquired using a microscope (FSX100 Inverted 

Microscope, Olympus).  To analyze pulmonary fibrosis, trichrome stained images (~5 per 

animal) were uploaded into Cell Sens software (Olympus).  For each animal, 5 areas were 

chosen that were free of mechanical artifacts from processing or sectioning, and average 

fibrosis was calculated, expressed as a percentage of total tissue area.  To determine 

alveolar size, ~200 alveoli were measured per animal from 4 different images using 

ImageJ software (National Institutes of Health).  To determine infarct size, hearts were 
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stained with picrosirius red stain.  Infarct size was defined as the circumference of the 

interior left ventricle that appeared necrotic (stained red) divided by the entire 

circumference of the interior left ventricle.  

 

3.12 Statistical Analysis 
All statistical analysis was performed using Prism 6 (GraphPad Software Inc.).  Results 

were deemed significant if p<0.05.  Standard deviation (SD) was used when there was a 

single measurement for each value (e.g. body weight) and standard error of the mean 

(SEM) when values represented a calculated average (e.g. cardiac pressures).  Normality 

tests were run on all data sets to determine if parametric or non-parametric tests should be 

used.  Statistical tests used are reported in figure legends.  
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4 Results 
4.1 MI surgery induces left ventricle dilation, reduced cardiac output and 

reduced ejection fraction 
In both humans and experimental models, MI induces left ventricle dilation20,21,25.  

To confirm both the development of MI in our mice and the time course of left ventricle 

remodeling, we obtained echocardiographic measurements and histological images of 

cardiac tissue.  As expected, the histological images revealed left ventricle chamber 

dilation and left ventricle wall thinning at the area of the infarct evident 7 days post-MI 

(Fig. 10A).  To quantify dilation, B-mode two-dimensional imaging was used.  Systolic 

(Fig. 10B) and diastolic (Fig. 10C) diameters of MI mice were larger than age-matched 

shams, and progressively dilated through 14 days, a finding consistent with previous 

data25.  Impaired cardiac function was confirmed by reduced ejection fraction at all time 

points (Fig. 10D).  Overall, B-mode left ventricle imaging revealed reductions in 

fractional shortening and ejection fraction, along with chamber dilation. 

Next, pulmonary flow calculated from pulsed-wave Doppler through the 

pulmonary trunk was used to confirm the two-dimensional cardiac output measurements; 

this technique measures the blood flow from the right ventricle into the pulmonary trunk, 

as opposed to the blood flow from the left ventricle into the aorta.  It is a more accurate 

method for measuring cardiac output in MI models as it does not rely on assumptions 

based on the geographic shape of the heart to calculate cardiac volumes80.  B-mode 

imaging captures two-dimensional images and mathematically extrapolates the data into 

three-dimensional volumes by assuming the bullet shape of the heart (Table 1).  Thus, we 

additionally used pulmonary flow imaging, which does not rely on these assumptions, to 

confirm measurements.  Pulmonary flow analysis confirmed an early decrease in stroke 
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volume (Fig. 10E) and a parallel reduction in cardiac output (Fig. 10F), which 

surprisingly returned to sham values by day 14.  These images served to both confirm the 

success of the MI surgery, and to reveal the extent and time course of the cardiac 

dysfunction (Table 2).  

To confirm the presence of necrotic tissue, we measured infarct size at 7, 14 and 

28 days.  The average infarct sizes were 49%, 46% and 43%, respectively, measured as a 

percentage of the interior left ventricle circumference (Table 3).  To further characterize 

physiological changes post-MI, we measured body weights, tissue weights and 

hematocrit at the study endpoints of each animal (Table 3).  Spleen weights (normalized 

to tibial length) were elevated by 14 days post-MI, which may indicate systemic 

inflammation in the MI model.  Finally, kidney weight (normalized to tibial length) 

decreased and hematocrit increased at 28 days.  
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Figure 10. MI surgery induces left ventricle dilation, reduced cardiac output and 
reduced ejection fraction. (A) Top Panel: Representative transverse (top) and sagittal 
(bottom) cross-sectional images of sham and 7-day MI hearts stained with picrosirius red. 
Collagen fibers are stained red; muscle fibers and cytoplasm are stained yellow. LV=left 
ventricle, RV=right ventricle. Bottom Panel: Representative M-mode echocardiography 
images from sham and MI mice. ESD=end systolic dimension, EDD=end diastolic 
dimension.  



 

32 

 

(B) systolic diameter of left ventricle, (C) diastolic diameter of left ventricle, (D) left 
ventricle ejection fraction, (E) pulmonary flow-derived stroke volume, (F) pulmonary 
flow-derived cardiac output, as measured by echocardiography. For all panels, two-way 
ANOVA of group (sham compared to MI) at each time point, † represents significant 
interaction, ‡ represents significant main effect of group. Post-hoc analysis using Sidak's 
multiple comparisons test, *represents p<0.05 compared to age-matched sham. Values 
expressed as mean ± SEM. 
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Table 2. Echocardiographic data of sham and MI mice at 3, 7 and 14 days post 
surgery. Left ventricle data collected using B-mode (brightness mode) two-dimensional 
imaging. Right ventricle data collected through the pulmonary artery using pulmonary 
flow imaging. *p<0.05 compared to age-matched sham as analyzed by two-tailed 
student’s t-test. Values expressed as mean ± SD 
 
B-Mode (left ventricle)  

 3 day SHAM 3 day MI 7 day SHAM 7 day MI 14 day SHAM 14 day MI 
Systolic Diameter (mm) 3.9 ±0.5 4.6 ±0.7 3.7 ±0.2 5.4 ±0.6* 3.6 ±0.3 5.8 ±0.9* 
Diastolic Diameter (mm) 4.8 ±0.5 5.1 ±0.5 4.6 ±0.4 5.9 ±0.6* 4.6 ±0.3 6.2 ±0.9* 

End Systolic Volume 
(µL) 68.0 ±21.7 98.7 ±35.2 60.0 ±9.5 144.0 ±37.3* 53.4 ±10.9 168.9 ±60.3* 

End Diastolic Volume 
(µL) 106.5 ±24.6 125.2 ±28.8 97.0 ±18.6 173.1 ±35.9* 96.7 ±16.1 196.3 ±49.2* 

Stroke Volume (µL) 38.5 ±8.3 26.6 ±11.9 37.0 ±11.1 29.1 ±13.0 43.4 ±11.8 27.4 ±14.8* 
Ejection Fraction (%) 37.0 ±7.7 23.1 ±13.1* 37.7 ±5.3 17.6 ±8.7* 44.6 ±7.6 16.2 ±11.6* 
Fractional Shortening 

(%) 17.9 ±4.1 10.9 ±6.6* 18.2 ±3.0 8.2 ±4.2* 22.2 ±4.6 7.6 ±5.6* 

Cardiac Output 
(mL/min) 20.2 ±5.5 15.4 ±7.1 19.7 ±5.3 16.3 ±7.4 21.5 ±7.2 15.4 ±8.3 

Heart Rate 522 ±46 587 ±50 539 ±35 560 ±52 491 ±89 570 ±63 
 
Pulmonary Flow (pulmonary artery)  

 3 day SHAM 3 day MI 7 day SHAM 7 day MI 14 day SHAM 14 day MI 
VTI (mm/beat) 27.0 ±4.8 22.3 ±4.7 31.4 ±1.8 22.9 ±4.7 31.3 ±4.8 22.3 ±4.3 

Pulmonary Trunk 
Diameter (mm) 1.53 ±0.3 1.35 ±0.1 1.41 ±0.1 1.40 ±0.2 1.41 ±0.1 1.50 ±0.2 

Stroke Volume (µL) 50.5 ±17.6 32.2 ±7.7* 49.2 ±9.9 34.0 ±8.3* 48.2 ±6.9 38.9 ±12.7 
Cardiac Output 

(mL/min) 28.1 ±10.2 18.4 ±4.3* 26.8 ±4.3 18.8 ±4.9* 23.7 ±3.3 21.6 ±5.7 

Heart Rate 553 ±31 573 ±48 549 ±35 554 ±48 495 ±66 566 ±47 
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Table 3. Morphometric data of sham and MI mice at 1, 3, 7, 14 and 28 days post 
surgery. *p<0.05 compared to age-matched sham as analyzed by two-tailed student’s t-
test. Values expressed as mean ± SD 

 

 

4.2 MI causes early left ventricle, but delayed right ventricle, dysfunction 
To characterize the acute hemodynamic changes post-MI, invasive 

hemodynamics were performed at 1, 3, 7, 14 and 28 days (Table 4).  Representative 

tracings from the left (Fig. 11A) and right (Fig. 11G) ventricles depict the reduction in 

left ventricle pressure and contractility in MI mice.  As anticipated, there was an 

immediate and sustained reduction in both left ventricle pressure (Fig. 11B) and 

contractility (dP/dt max; Fig. 11C), which together indicate systolic dysfunction.  There 

was a statistical main effect of time for contractility (Fig. 11C), which suggests that 

contractility continued to decline throughout the first month post-MI.  Additionally, 

diastolic dysfunction was observed in the left ventricle as indicated by decreased 

relaxation (dP/dt min; Fig. 11D), and increases in end diastolic pressure (Fig. 11E) and 

Tau Weiss (Fig. 11F).  Interestingly, end diastolic pressure, while consistently elevated 

 1 day 
SHAM 

1 day 
MI 

3 day 
SHAM 

3 day 
MI 

7 day 
SHAM 

7 day 
MI 

14 day 
SHAM 

14 day 
MI 

28 day 
SHAM 

28 day 
MI 

Infarct Size (%)  0 48.7 
±20.4 0 45.5 

±11.9 0 43.2 
±7.6 

Starting Body 
Weight (g) 

35.0 
±4.3 

36.4 
±1.8 

36.7 
±5.7 

37.4 
±3.4 

37.4 
±2.3 

39.9 
±5.2 

35.9 
±1.5 

36.8 
±3.4 

37.2 
±2.3 

36.7 
±3.4 

Final Body Weight 
(g) 

33.7 
±3.2 

33.4 
±1.5 

35.1 
±5.7 

35.2 
±3.6 

36.6 
±2.4 

37.2 
±5.1 

36.3 
±2.3 

35.6 
±2.7 

40.6 
±3.1 

35.6 
±2.8 

Tibial Length (cm) 1.97 
±0.1 

1.92 
±0.1 

1.88 
±0.1 

1.91 
±0.1 

1.87 
±0.1 

1.90 
±0.1 

1.93 
±0.1 

1.95 
±0.1 

1.88 
±0.1 

1.89 
±0.1 

Spleen Weight (mg) 113 ±40 95 ±30 108 ±10 117 ±40 112 ±20 127 ±30 107 ±20 152 
±50* 108 ±15 97 ±10 

Spleen Weight/ Tibial 
Length (mg/cm) 57 ±20 49 ±20 58 ±10 61 ±20 60 ±10 67 ±20 56 ±10 78 ±30* 58 ±8 51 ±6 

Kidney Weight (mg) 267 ±20 249 ±30 269 ±50 286 ±50 266 ±30 269 ±40 284 ±30 259 ±40 305 ±23 231 
±20* 

Kidney Weight/ 
Tibial Length 

(mg/cm) 
136 ±10 132 ±20 143 ±20 150 ±30 143 ±10 141 ±20 148 ±20 133 ±20 164 ±12 122 

±12* 

Hematocrit (% RBC) 43.8 
±3.6 

46.4 
±5.6 

45.4 
±4.9 

46.1 
±2.6 

43.6 
±1.8 

44.2 
±3.6 

45.8 
±3.4 

46.9 
±5.5 

41.2 
±1.4 

49.8 
±2.6* 
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compared to age-matched shams, peaked at 14 days and therefore did not progressively 

increase throughout the first month.  When considered with the echocardiographic data, 

we see that left ventricle dysfunction is immediate and persistent post-MI.  

Interestingly, the changes to the right ventricle were evident beginning 14 days 

post-MI (Fig. 11H-L).  Pulmonary hypertension (i.e. an elevation in right ventricle 

pressure) was observed at 14 and 28 days post-MI (Fig. 11H).  Right ventricle relaxation 

was impaired, as demonstrated by increases in end diastolic pressure and Tau Weiss (Fig. 

11K, L).   
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Table 4. Hemodynamic characterization of the left and right ventricles of sham and 
MI mice at 1, 3, 7, 14 and 28 days post surgery. *p<0.05 compared to age-matched 
sham as analyzed by two-tailed student’s t-test. Values expressed as mean ± SEM 
 
Left Ventricle 

 1 day 
SHAM 

1 day 
MI 

3 day 
SHAM 

3 day 
MI 

7 day 
SHAM 

7 day 
MI 

14 day 
SHAM 

14 day 
MI 

28 day 
SHAM 

28 day 
MI 

Left ventricle 
pressure (mmHg) 

101.1 
±7.5 

87.0 
±4.4 

104.3 
±5.7 

86.6 
±2.1* 

106.0 
±2.9 

83.3 
±2.8* 

113.8 
±7.5 

83.6 
±3.8* 

105.2 
±2.8 

84.7 
±3.7* 

dP/dt max (mmHg/s) 9563 
±570 

7400 
±358* 

8789 
±6382 

5951 
±229* 

9782 
±602 

5574 
±318* 

8881 
±644 

5113 
±419* 

9703 
±324 

5454 
±209* 

dP/dt min (mmHg/s) -8670 
±390 

-6235 
±520* 

-7986 
±547 

-5204 
±196* 

-10154 
±658 

-4756 
±290* 

-8714 
±1064 

-4119 
±387* 

-9266 
±384 

-4452 
±186* 

End Diastolic 
Pressure (mmHg) 6.9 ±2.7 9.5 ±2.1 6.6 ±1.9 14.5 

±1.4* 4.6 ±0.8 14.5 
±2.2* 9.6 ±3.3 20.5 

±2.2* 3.9 ±0.8 14.7 
±2.5* 

Systolic Pressure 
(mmHg) 

90.0 
±7.9 

84.3 
±5.3 

99.8 
±5.7 

82.2 
±2.4* 

101.0 
±3.3 

78.2 
±3.0* 

110.6 
±7.6 

79.9 
±3.9* 

101.0 
±3.5 

79.6 
±4.5* 

Diastolic Pressure 
(mmHg) 

74.9 
±7.5 

68.8 
±4.3 

85.4 
±5.2 

71.5 
±2.6 

81.7 
±4.3 

68.0 
±3.0 

91.7 
±6.1 

71.5 
±3.4* 

76.1 
±3.3 

70.1 
±4.7 

Tau Weiss (ms) 6.07 
±0.8 

7.42 
±0.8 

6.57 
±0.6 

8.55 
±0.4* 

5.60 
±0.4 

8.98 
±0.9* 

7.03 
±1.0 

11.10 
±0.6* 

6.96 ± 
0.2 

9.7 
±0.9* 

Mean Arteriole 
Pressure (mmHg) 

80.0 
±7.6 

74.0 
±4.5 

90.2 
±5.3 

75.1 
±2.5* 

88.1 
±4.0 

71.4 
±3.0* 

98.0 
±6.6 

74.3 
±3.5* 88 ±3.3 73.3 

±4.6* 
Heart Rate (bpm) 578 ±15 565 ±14 560 ±7 578 ±11 572 ±2 575 ±16 559 ±13 598 ±24 590 ±12 570 ±7 

 
Right Ventricle  

 1 day 
SHAM 

1 day 
MI 

3 day 
SHAM 

3 day 
MI 

7 day 
SHAM 

7 day 
MI 

14 day 
SHAM 

14 day 
MI 

28 day 
SHAM 

28 day 
MI 

Right ventricle 
pressure (mmHg) 

29.0 
±0.8 

30.0 
±0.8 

30.1 
±1.0 

30.1 
±0.9 

30.9 
±1.1 

32.6 
±0.7 

28.5 
±1.1 

33.9 
±2.3* 

29.3 
±1.0 

34.4 
±1.6* 

dP/dt max (mmHg/s) 2704 
±173 

2291 
±93 

2524 
±126 

2247 
±63 

2527 
±162 

2301 
±115 

2299 
±129 

2189 
±106 

2270 
±176 

2278 
±91 

dP/dt min (mmHg/s) -2260 
±77 

-2002 
±126 

-2173 
±128 

-2099 
±86 

-2376 
±193 

-2225 
±150 

-2037 
±104 

-1974 
±123 

-1934 
±193 

-1936 
±81 

End Diastolic 
Pressure (mmHg) 2.4 ±0.9 3.8 ±0.7 3.7 ±0.3 3.1 ±0.6 3.2 ±0.6 3.6 ±0.7 1.2 ±0.5 4.1 

±1.0* 1.9 ±0.2 4.3 ±1.2 

Tau Weiss (ms) 6.38 
±0.6 

7.41 
±0.8 

6.59 
±0.4 

7.24 
±0.7 

7.13 
±0.7 

8.17 
±0.7 

6.90 
±0.4 

8.71 
±0.7* 6.4 ±0.7 8.8 

±0.7* 
Heart Rate (bpm) 566 ±15 554 ±15 499 ±11 561 ±13 534 ±12 555 ±10 552 ±14 538 ±13 505 ±24 536 ±15 
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Figure 11. MI causes immediate left ventricle, but delayed right ventricle, 
dysfunction. (A) Representative hemodynamic tracings from sham and MI mice from the 
left ventricle (B) Left ventricle peak pressure, (C) Left ventricle dP/dt max, (D) Left 
ventricle dP/dt min, (E) Left ventricle end diastolic pressure, (F) Left ventricle Tau Weiss.  
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(G) Representative hemodynamic tracings from sham and MI mice from the right 
ventricle, (H) Right ventricle peak pressure, (I) Right ventricle dP/dt max, (J) Right 
ventricle dP/dt min, (K) Right ventricle end diastolic pressure, (L) Right ventricle Tau 
Weiss. For all panels, two-way ANOVA of group (sham compared to MI) at each time 
point, † represents significant interaction, ‡ represents significant main effect of group, # 
represents signficant main effect of time. Post-hoc analysis using Sidak's multiple 
comparisons test, *represents p<0.05 compared to age-matched sham. Values expressed 
as mean ± SEM.  
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4.3 MI causes acute pulmonary edema, which peaks at day 7, and correlates 
to hemoglobin desaturation  

Pulmonary edema is common in patients acutely following MI32-34.  Thus, after 

confirming the presence and development of cardiac dysfunction, we next examined the 

effect of MI on the respiratory organs.  To determine the presence, timeline and severity 

of pulmonary edema in our mice, we listened daily for audible rales.  Rales or crackles 

are indicators of fluid in the lung, as they represent small airways and alveoli popping 

open during each breath; an increase in frequency of these crackles suggests more fluid 

overload.  Negligible rales were audible in sham mice.  Rales were present after 3 days, 

the frequency and severity peaked at 7 days post-MI, and rales dissipated by the 14-day 

mark (Fig. 12A, B).   

Once we established the time course and severity of pulmonary edema, we next 

wanted to determine the impact of edema on gas exchange.  To do this, we performed 

hemoglobin oxygen saturation tests to obtain blood oxygen levels of mice post-MI.  The 

presence of rales correlated with a desaturation of hemoglobin and more severe rales was 

associated with lower hemoglobin saturation (Fig. 12C).  Taken together, this confirms 

that rales indicate pulmonary edema, and, when severe enough, decreases gas exchange. 

To investigate the relationship between cardiac hemodynamics and rales, we 

examined the variables at 1, 3, 7 and 14 days post-MI.  There was no direct linear 

correlation between left ventricle end diastolic pressure and rales (Fig. 12D), which 

suggests that cardiac hemodynamics are not the sole driver of pulmonary edema.  We 

then investigated if the time point influenced the association between the two parameters, 

and indeed, there was no correlation at 3, 7 or 14 days post-MI (Fig. 12E).  This suggests 

that cardiac pressures do not fully influence pulmonary edema at any acute time.  
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Figure 12. MI causes acute pulmonary edema, which peaks at day 7, and correlates 
to hemoglobin desaturation. (A) Average rales score per day post-MI. Rales scale 
ranging from 0-4 (0 = no rales or pop/crackle; 1 = less than 1 rale every 2 breaths; 2 = 1 
rale every 2 breaths; 3 = 1 rale per breath; 4=multiple rales per breath) *p<0.05 as 
determined by Fisher exact test comparing sham and MI average at each time point. (B) 
Incidence of rales per day post-MI (percentage of MI mice with rales) *p<0.05 as 
determined by Fisher exact test comparing sham and MI incidence at each time point. (C) 
Percent hemoglobin saturation grouped by rales score of mouse, † represents significant 
one-way ANOVA, *represents significant change compared to rales=0 via Dunnett’s 
multiple comparison test. (D) Linear regression of left ventricle end diastolic pressure 
and average rales score of all MI animals at each time point, Y = 0.006082*X + 0.6918, 
R2 = 0.004685. (E) Linear regression of left ventricle end diastolic pressure and 
individual rales score of each MI animal. 
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4.4 MI causes increased lung inflammation, which peaks at day 7 
Next, we sought to determine the nature and time course of lung remodeling post-

MI.  Cardiac inflammation post-MI is well-documented81,82, but the concurrent lung 

inflammation remain poorly understood.  Thus, to characterize the inflammatory response 

of the lung, we performed bronchoalveolar lavages at 1, 3, 7, 14 and 28 days post 

surgery.  This technique allowed direct visualization of leukocytes within the pulmonary 

fluid.  MI animals had increased inflammatory cells infiltration compared to shams (Fig. 

13A, B).  Total cell counts revealed a significant increase in number of leukocytes at 7 

days post-MI (Fig. 13C), suggesting inflammation peaked in the lung around this time.  

Inflammation, largely macrophages, appeared to begin at 3 days, peak at 7, but disappear 

by 14 days post-MI (Fig. 13C, D).  This is a different pattern to the progressive 

inflammation in the heart, however it matches the pattern of acute pulmonary edema 

reported (Fig. 12A).  Neutrophils peaked at 1 day post-MI (Fig. 13D) and, as expected, 

no eosinophils were detected.  Interestingly, analysis of active versus non-active 

macrophages indicated the highest percentage of activity at 1-day post-MI (Fig. 13D), 

which suggests monocytes are immediately active in the lung following MI.  

  



 

42 

 

Figure 13. MI mice experience lung inflammation, which peaks at day 7. 
Representative (A) sham and (B) 7 day MI images of bronchoalveolar lavage fluid 
stained with Wright stain. Main image magnification 40x. M=macrophage, AM=active 
macrophage, N=neutrophil. (C) Total cell counts, (D) macrophages, and (E) neutrophils 
of bronchoalveolar lavage fluid at 1, 3, 7, 14 and 28 day post-MI as compared with sham 
(F) Of the macrophages, percentage that appeared to be active. For Fig. 13C-F, not 
significant via non-parametric one-way ANOVA (Kruskal-Wallis test), *p<0.05 as 
compared with sham via Dunn’s multiple comparisons test.  
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Figure 14. MI decreases lung compliance at 7 and 28 days post-MI. 
(A) Representative raw pressure tracing at 300 mL of lung inflation, dynamic lung 
compliance curves from sham and (B) 1 day, (C) 3 day, (D) 7 day, (E) 14 day, (F) 28 day 
post-MI. For Fig. 13F-J, two-way ANOVA of group (sham compared to MI) at each time 
point, † represents significant interaction, ‡ indicates significant main effect of group 
(sham vs. MI), *p<0.05 as determined by protected least significant difference. Values 
expressed as mean ± SD. 
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4.5 MI induces decreased lung compliance acutely (7 days) and chronically 
(28 days) post-MI 

Structural remodeling and reductions in lung compliance are reported in late 

stages of heart failure49,50 but early structural modifications have yet to be determined.  

To investigate the time course of acute lung remodeling, we generated lung compliance 

curves by recording airway pressure in response to stepwise lung inflations with known 

volumes.  Representative tracings depict the increase in pressure generated for a given 

volume of air in MI animals beginning at 7 days post-MI; this is otherwise known as 

decreased compliance (Fig. 14A).  Lung compliance of MI animals was similar to that of 

shams at 1 (Fig. 14B) and 3 (Fig. 14C) days post-MI.  However, at 7 days, lung 

compliance decreased (Fig. 14D), aligning with the time course of maximal pulmonary 

edema and inflammation (Fig. 12A, 13C).  Lung compliance was only reduced based on 

a group effect at 14 days (Fig. 14E), which suggests that the differences were smaller and 

dependent on lung volumes.  Compliance was again significantly reduced at 28 days 

post-MI (Fig. 14F).  Importantly, the concurrent lung data reported suggests that the 

mechanisms for the 7 day and 28 day compliance changes are likely diverse, as edema 

was present at 7 days but absent at 28 days.  
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Figure 15. MI induces progressive pulmonary fibrosis. Representative images of (A) 
sham and (B) MI lungs at 7 days post-surgery stained with Gomori One-Step Trichrome. 
Muscle fibers are stained red, collagen is stained blue. Left panels magnified at 4.2x, 
right panels magnified at 40x. (C) Percent fibrosis at 3, 7, 14 and 28 days post-surgery, † 
represents significant interaction of one-way ANOVA, *p<0.05 as compared to grouped 
sham values (D) Alveolar air space of sham (blue) and MI (red) animals at 3, 7, 14 and 
28 days post-surgery. Values expressed as mean ± SEM. 
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4.6 MI causes progressive fibrosis but does not induce acute changes to 
alveolar air space  

To consider possible explanations for the differences in compliance, we examined 

the structural changes to the lungs.  To do this, we histologically stained formalin-fixed 

lungs with Gomori One-Step Trichrome, which stains muscle fibers, keratin, and 

cytoplasm red and collagen blue; an increase in blue indicates excess collagen deposition 

(Fig. 15A, B).  There were significant increases in pulmonary fibrosis at both 14 and 28 

days post-MI (Fig 15C).  The severe fibrosis at 28 days could substantiate the decrease in 

compliance also observed at this point (Fig. 14F), whereas the reduced compliance at 7 

days can be explained by the pulmonary edema.  Therefore, we histologically established 

that pulmonary fibrosis developed by 28 days post-MI, inducing reduced compliance 

through a mechanism distinct from the 7-day time point.  

Trichrome staining additionally identifies the borders of alveolar air ducts as well 

as individual alveoli.  Previous work shows that functional residual capacity is reduced in 

MI lungs; lung volumes are reduced post-MI, similar to that seen in a restrictive lung 

pattern (decreased lung compliance, increased work of breathing)34,83.  We did not find 

any changes to alveolar size between sham and MI lungs (Fig. 15D).  This is unexpected, 

as the lungs were fixed at a consistent pressure of 20cmH2O, and decreases in compliance 

(Fig. 14B-F) should reduce the total volume.  Future studies with increased power may 

reveal changes.  
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4.7 MI induces progressive diaphragm weakness 
As diaphragmatic weakness is widely observed in heart failure patients52-58, we 

aimed to characterize early diaphragm strength in our MI model.  To examine the work of 

breathing at rest as well as the force capabilities of the diaphragm, we measured 

inspiratory pressure during both eupneic breathing and during a ~40 second tracheal 

occlusion.  Representative tracings are presented in Figure 16A.  Firstly, an increase in 

eupneic inspiratory pressure indicates a higher work of breathing at rest, which can result 

from a decrease in pulmonary compliance.  We observed elevations at 7 and 28 days 

post-MI (Fig. 16B), which corresponded with the decreased compliance in the lung.  

While the histology data showed fibrosis at both 14 and 28 days, the fibrosis at 28 was 

more marked, and thus a significant decrease in compliance and corresponding increased 

inspiratory pressure are explicable.  Here, we established that the diaphragm experiences 

increased workload at 7 and 28 days post-MI, due to decreased pulmonary compliance.  

To observe the damage to the diaphragm muscle, we measured occlusion 

pressures, as the maximal inspiratory pressure that mice are able to generate is an 

indicator of diaphragmatic strength.  Diaphragm strength in MI mice began decreasing at 

7 days, and remained decreased at 14 and 28 days (Fig. 16C).  In contrast to the 

immediate cardiac dysfunction, diaphragmatic weakness did not appear until 7 days post-

MI, but was also persistent.  
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Figure 16. MI induces progressive diaphragm weakness (A) representative tracings of 
inspiratory pressure during anaesthetized eupneic breathing and maximal inspiratory 
pressure as obtained during a ~40 second airway occlusion, (B) Inspiratory pressure in 
sham and MI mice during anaesthetized eupneic breathing, (C) Maximal inspiratory 
pressures in sham and MI during ~40 second airway occlusion, † indicates significant 
one-way ANOVA, *p<0.05 as compared to grouped sham pressures. Values expressed as 
mean ± SD. 
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5 Discussion 
Here, for the first time, we characterize the acute changes to the respiratory 

system in a murine model of MI (Table 5).  Left ventricular dysfunction and remodeling 

was immediate, and function further deteriorated over the time course of the study.  In 

agreement with our first hypothesis, we identified transient pulmonary inflammation and 

edema, which both commenced at 3 days, reached peak intensity at 7 days, and dissipated 

by 14 days post-MI.  In agreement with our second hypothesis, pulmonary edema and 

cardiac hemodynamics were not correlated during the first month post-MI.  Pulmonary 

compliance was reduced at 7 and 28 days post-MI, which corresponded with increased 

inspiratory pressure.  Interestingly, at 7 days reduced compliance was observed in tandem 

with pulmonary edema, but at 28 days, reduced compliance was observed with 

pulmonary fibrosis.  Finally, as hypothesized, we established that diaphragmatic 

weakness is progressive and permanent, beginning at 7 days post-MI.  Taken together, 

this study validates the need for a multi-organ approach to MI research, as the etiology of 

the respiratory system differs from that of the cardiac system.  Further, the respiratory 

organs emerge as potential therapeutic targets, with the potential to both enhance survival 

and increase quality of life for MI patients.  
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Table 5. Summary of acute changes post-MI  

  1 3 7 14 28 

Hemodynamics 

Left Ventricle Pressure  ↓ → → → → 
Left Ventricle dP/dt ↓ ↓ → → → 
Left Ventricle EDP/ Tau  ↑ ↑ ↑ → 
Right Ventricle Pressure    ↑ → 

Echocardiography 

Systolic/Diastolic Diameter  ↑ ↑ ↑  
Stroke Volume  ↓ → →  
Ejection Fraction  ↓ ↓ ↓  
Cardiac Output  ↓ → →  

Lungs 

Hemoglobin Saturation   ↓   
Rales   ↑   
Compliance   ↓ → ↓ 
Bronchoalveolar lavage   ↑   
Interstitial Fibrosis    ↑ ↑ 

Diaphragm Eupneic Pressure   ↑  ↑ 
Occlusion Pressure   ↓ → → 

↑ indicates value increased compared to sham 
↓ indicates value decreased compared to sham 
→ indicates value same as previous time point 

5.1.1 Sham Surgeries and Ventilator-Induced Lung Injury 
To validate the results, we first need to acknowledge the proper steps taken in 

these experiments.  Surgery induces an inflammatory response, and thus it is possible that 

the surgery itself causes downstream inflammatory effects that can be convoluted with 

the MI-induced inflammation.  Additionally, while controls are necessary in all scientific 

investigations, ventilator-induced lung injury needs to be considered as it is pertinent to 

our discussion of lung injury post-MI.  Ventilator-induced lung injury is a prominent 

trigger of pulmonary inflammation and edema as mechanical ventilation can cause an 

inflammatory response in the lung; this is characterized by pathological infiltration of 

inflammatory cells, repetitive atelectasis (collapsed alveoli) and increased vascular 

permeability84-86.  These are precursors for pulmonary edema, fibrotic remodeling, and 

impaired gas exchange, which are all also markers of MI-induced lung injury85,86.  For 
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this reason, sham surgeries were essential in order to differentiate between instigators of 

inflammation.  To minimize the risk of ventilator-induced lung injury, our surgical 

protocol increases the respiratory frequency and decreases the inspired volume; these 

precautions were put in place because it is the high lung volumes which cause physical 

damage to the lung in ventilator-induced lung injury.  Surgery and mechanical ventilation 

are two confounders that are not present in human MI, and thus, through the use of sham 

surgeries (as opposed to non-surgical control mice), we can be confident that our results 

are due to the MI cascade, and not surgically induced inflammation or ventilator-induced 

lung injury. 

5.1.2 Inflammatory Responses  
In our model, pulmonary inflammation peaked at 7 days post-MI.  Analysis of 

bronchoalveolar lavage fluid revealed that leukocytes were recruited after approximately 

3 days, but reached a peak cellular concentration at 7 days post-MI (Fig. 13C).  It is 

unconfirmed if this inflammation originated in the lung, or was spillover from the close 

proximity of the inflammation at the infarct site.  It should be noted that cardiogenic 

edema is defined by a transudate that does not have any inflammatory cells; the fact that 

our pulmonary fluid contained monocytes suggests that it is not a result of edema but 

either pulmonary or cardiac inflammation due to the MI36.  Bowen et al. propose a 

mechanism of diaphragm atrophy following MI that is a result of spillover of cardiac 

cytokines that enter the circulation and injure the diaphragm; here, our data suggests a 

similar mechanism may explain the subsequent inflammation in the lungs post-MI63.  

Interestingly, spleen weights, which are indicative of systemic inflammation, reached a 

maximum at 14 days (Table 3).  This suggests that the pulmonary inflammation is not 
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systemic (i.e. instigated by the spleen) as the two timelines are distinct, but may be 

spillover from the cardiac inflammation reported post-MI25,87.  

The heart undergoes several dynamic phases of immune cell infiltrations in which 

neutrophils peak at 2 days and macrophages peak at 7 days post-MI88.  Our data showed 

that in the lung, neutrophils similarly peak at 1 day, and macrophages peak at 7 days (Fig. 

13D, E).  Together, our data suggests that the inflammatory profile in the lungs may 

mirror the cardiac inflammatory response, providing some evidence for spillover of 

cardiac inflammatory cells.  No other studies currently corroborate or dispute our 

findings, as no group has determined the acute inflammatory response in the lungs post-

MI.  Future research may delineate the responses in the heart, lungs and spleen to 

consider both the source and function of the inflammation, in hopes of finding a 

therapeutic target.  Profiling the pulmonary inflammation is a useful next step as it has 

also been well reviewed that post-MI inflammation is both reparative and destructive for 

the heart25,82,89.  Currently, new therapeutic avenues are being explored in attempt to 

intervene between beneficial and detrimental cardiac inflammation.  However, while 

cardiac inflammatory mediators may be tolerated as a means to heal the injured heart, it is 

possible that spillover of these cells are entering the pulmonary circulation87.  Critically, 

inflammatory mediators in the lungs induce fibrosis and other pathological remodeling 

that can be subsequently detrimental on cardiopulmonary function (for review see90).  

Thus, the spillover effects on the lungs need to be considered when proposing treatments 

for the heart, as it cannot be assumed that what is beneficial to the heart is benign to the 

lung. 
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5.1.3 Pulmonary Edema 
Pulmonary edema in our model was confirmed as an important contributor to 

respiratory system dysfunction.  Animals with a higher pulmonary rales score, and thus 

more severe edema, had significantly reduced hemoglobin saturation (Fig. 12C), which 

indicates that pulmonary edema impaired gas exchange.  Further, rales peaked at 7 days, 

and we reported an associated decrease in lung compliance at this time (Fig. 12A,12B, 

13H).  This suggests that the excess fluid increases the work of breathing, correlating to 

diaphragmatic dysfunction as well.   

In agreement with our hypothesis, in the first month following MI, left ventricle 

end diastolic pressure was not correlated to pulmonary rales (Fig. 12D).  The lack of 

correlative relationship suggests that elevated filling pressure is not the causative factor 

that drives pulmonary edema acutely post-MI.  The additional lack of correlation at 

individual time points confirms that elevated filling pressures do not solely determine 

pulmonary edema, albeit it does not negate any sort of contribution from cardiac 

pressures (Fig. 12E).  Current treatments target the correction of cardiac hemodynamics, 

which are difficult to change and have a limited ability to alleviate the edema; thus, our 

data suggests the need to investigate treatments that that do not depend on adjusting 

cardiac pressures.  

It is possible that our hypothesis contradicts previous theories due to the fact that 

pulmonary edema is just one form of pulmonary remodeling that occurs post-MI.  We 

reported subsequent development of interstitial fibrosis, as have other groups49,83,92, and it 

is possible that early pulmonary edema is later alleviated as the lung remodels to 

accommodate higher filling pressures.  Thus, the transient nature of pulmonary edema 

may not be due to a lack of correlation to elevated preload, but the lung’s ability to adapt 
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to these higher pressures.  That is to say, it may not be possible to directly correlate the 

two parameters, as a constantly remodeling lung is modulating the relationship; as the 

lung may not remodel in a linear manner, additional factors (e.g. interstitial fibrosis, 

vascular thickening) likely complicate this relationship.  

However, if pathological remodeling post-MI (e.g. interstitial fibrosis, vascular 

thickening) is a response to pulmonary edema, reducing edema early on could improve 

chronic pulmonary remodeling.  Several groups report that long-term effects of edema 

include pulmonary vascular and structural remodeling, such as fibrosis and pulmonary 

hypertension49,93.  These chronic pathological changes can induce a higher work of 

breathing, decreased oxygen diffusion capabilities, and reduced exercise tolerance.  Thus, 

treatments to attenuate early pulmonary edema might diminish chronic, permanent 

pulmonary remodeling, which will ultimately increase patient quality of life post-MI.   

It is likely that there are additional factors that modulate pulmonary edema acutely 

following MI; one possible factor is VEGF.  This signaling protein promotes 

angiogenesis after an infarct as it stimulates mitosis of endothelial cells.  It is an 

important reparative factor for the heart as higher serum VEGF levels are correlated to an 

increased survival27.  In humans, VEGF is elevated from the start of MI, and peaks at 14 

days, which loosely correlates to the pulmonary edema pattern of our mice27.  While 

valuable for the infarcted heart, VEGF additionally is a potent vasodilator, and could 

contribute to pulmonary edema if it were to spillover into the circulation.  Additionally, if 

VEGF were to dilate the pulmonary vasculature, the newly permeable vessels might 

allow increased passage of fluid, leading to pulmonary edema.  This would further be 

exacerbated by elevations in left ventricle end diastolic pressure.  This seems probable as 
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our bronchoalveolar lavage fluid contained immune cells, potentially indicative of vessels 

with gaps large enough for cells to fit through.  However, while spillover of these factors 

is likely, some vasoactive substances are inactivated during passage through the lung, and 

as such, though present, VEGF may not be able to exert effects in its new environment12.  

Future studies should examine both the presence and bio-activation of VEGF in the lungs 

and plasma post-MI to consider the repercussions on the pulmonary vasculature.  This 

could introduce potential strategies to combat pulmonary edema, which would attenuate 

the increased work of breathing on the diaphragm, and alleviate the impaired gas 

exchange both acutely and chronically.  Both of these impairments contribute to exercise 

intolerance and decreased quality of life, making this a valuable exploration.  

5.1.4 Diaphragm Dysfunction 
By characterizing the diaphragm, we see that it is damaged within the acute stage 

of MI, as opposed to only the late stages of heart failure as previously reported52,53,56-58.  

Diaphragm weakness was prominent at 7 days post-MI and remained weak to the 28-day 

conclusion of our study (Fig. 16C).  Strikingly, the diaphragm may be experiencing an 

increased workload (decreased lung compliance; Fig. 14) simultaneous to decreased 

oxygen delivery (peak pulmonary edema and hemoglobin desaturation; Fig. 12A/B).  

Thus, it is unclear if the diaphragm weakness is acute and transient due to the exogenous 

parameters (i.e. hypoxemia), or if there is an additional mechanism within the diaphragm 

for acute dysfunction post-MI.  

Regardless of the reason for acute diaphragmatic weakness, revealing this 

surprising early decline in function presents a new opportunity for therapeutic 

intervention in the acute period following MI.  This has long-term functional 

implications.  Primarily, exercise-based cardiac rehabilitation is a principal agent in the 
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healing process post-MI.  Physical activity is advocated by every update released by the 

American College of Cardiology and the American Heart Association, and is even 

recommended for high-risk MI patients71,72,78.  This is supported by several systematic 

reviews and meta-analyses that irrefutably confirm that exercise-based cardiac 

rehabilitation is effective in reducing both total and cardiovascular-related mortality, as 

well as hospital re-admissions for MI patients94-96.  However, as our results revealed that 

diaphragm weakness occurs acutely post-MI, this has implications for patients’ abilities 

to undergo cardiac rehabilitation.  As the primary muscle of inspiration, the diaphragm is 

crucial during any type of physical activity; as the respiratory rate increases during 

exercise, a functional diaphragm is necessary to meet the increased metabolic demands of 

the body.  Unlike previous research, we show that diaphragm dysfunction is occurring 

acutely following MI; in fact, it may be developing exactly when the patient is beginning 

a physician prescribed exercise regimen.  It is thus important to consider the acute 

deficiency in the diaphragm, in light of its importance for cardiac rehabilitation.  

Exercise helps advance recovery for the heart itself: studies report improvements 

in ejection fraction, left ventricular diastolic function, electrocardiogram parameters, and 

reduced risk of re-infarction97-99.  Therefore, treating the diaphragm post-MI to ensure 

effective gas exchange may even have upstream benefits to cardiac healing, ultimately 

prolonging life and reducing mortality.  This is a critical realization, and thus future 

research should focus on uncovering the mechanism for acute diaphragmatic dysfunction 

in attempt to maximize exercise ability post-MI.  

5.2 Limitations and Future Directions 
There are several factors that limit the clinical applications of our conclusions.  

Firstly, while the murine MI model is useful for investigating the changes to the heart and 
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surrounding organs, it cannot recapitulate the comorbidities and lifestyle choices (e.g. 

diabetes, obesity, tobacco use) that are commonly present in patients with coronary artery 

disease100.  Our sham surgeries provide internal controls, as the injury is caused by the 

same mechanism in the absence of comorbidities.  However, in humans, the occlusion in 

the coronary artery is caused by an atherosclerotic plaque or blood clot as opposed to the 

mechanical ligation in our model; mice do not develop atherosclerosis without genetic 

modification (i.e. apolipoprotein-E knockout)101.  Critically, as our study explores the 

cytokine progression, and the potential spillover of inflammatory mediators from the 

heart to the lungs, it may be relevant to consider the cause of the occlusion.  Specifically, 

it is possible that the diverse manner of obstruction initiates a different cascade of 

cytokines, and that the ensuing injury in the lung that we have attributed to this spillover 

may be different depending on the initial cardiac insult.  Thus, our interpretation of the 

bronchoalveolar lavage data may not translate to patient data.  Future experiments that 

profile the molecular changes should be compared with human MI samples in order to 

confirm that the edema cascade is similar in both species.   

In addition to comorbidities, age is an important risk factor for MI3.  Gould et al. 

compared a similar surgical model in both young and aged male mice102.  They report 

that aged mice have a reduced ability to compensate after the infarct, resulting in reduced 

myocardial repair, greater infarct expansion and septal hypertrophy102.  As our study 

exclusively examined young mice, we may have a limited ability to translate the cardiac 

data to humans, as the majority of the clinical MI population is aged.  

Finally, our study exclusively investigated effects in male mice.  Several reviews 

report a higher mortality, differential clinical presentation, and generally less data in 
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women with MI in comparison to men103-105.  Moving forward, acknowledging these 

potential differences would provide a more applicable set of data for the female 

population.  It would be valuable to perform a follow-up experiment in which both aged 

male and female mice were examined.  This will expand the knowledge acquired in this 

experiment and ensure that future treatments that the data instigates are applicable to both 

sexes and all ages.  

5.3 Conclusions 
Our study investigated the acute temporal changes to the heart, lungs and 

diaphragm post-MI in CD-1 male mice.  Left ventricle dysfunction was immediate post-

infarct, followed by right ventricle dysfunction, which were both persistent.  Conversely, 

pulmonary inflammation and edema were transient, and not correlated to cardiac 

hemodynamics.  Diaphragmatic weakness had a delayed onset but was persistent.  The 

early decline in respiratory function, independent of cardiac hemodynamics, implicates 

new therapeutic avenues to target these organs as primary sources of injury following MI.  

These data endorse the need for future investigations into lung and diaphragm 

dysfunction post-MI, as treating the lungs and diaphragm has wide-reaching implications 

to improve exercise tolerance and quality of life for MI patients.   
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7 Appendix 
 
Histology Protocols 
Gomori One-Step Trichrome Stain 
Deparaffin 

1. Xylene – 2 min 
2. Xylene – 2 min 
3. Xylene – 2 min 

Rehydrate 
4. 100% ethanol – 2 min 
5. 100% ethanol – 2 min 
6. 95% ethanol – 2 min (190mL ethanol/ 10mL dH2O) 
7. 70% ethanol – 2 min (140mL ethanol/ 60mL dH2O) 
8. Wash in deionized water – 2 min 

Trichrome 
9. Modified Harris hematoxylin solution – 8 min 
10. Wash in running tap water – 5 min 
11. Counterstain in Gomori One-Step Trichrome – 15 min 
12. Wash in dH2O – 2 min 

Dehydrate 
13. 95% ethanol – 2 min 
14. 100% ethanol – 2 min 
15. 100% ethanol – 2 min 
16. Xylene – 3 min 
17. Xylene – 3 min 
18. Coverslip  
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Picrosirius Red Stain 
Deparaffin 

1. Xylene – 2 min 
2. Xylene – 2 min 
3. Xylene – 2 min 

Rehydrate 
4. 100% ethanol – 2 min 
5. 100% ethanol – 2 min 
6. 95% ethanol – 2 min (190mL ethanol/ 10mL dH2O) 
7. 70% ethanol – 2 min (140mL ethanol/ 60mL dH2O) 
8. Wash in deionized water – 2 min 

Picrosirius Red 
9. Picrosirius Red – 60 min  

- 0.5g Direct Red 80 
- 500mL Aqueous Picric Acid 

10. Acid H2O dip in to get Picrosirius Red off 
- 5mL glacial acetic acid 
- 1L dH2O 

11. Acid H2O – 2 min with agitation 
12. Acid H2O – 2 min with agitation 

Dehydrate 
1. 95% ethanol – 2 min 
2. 100% ethanol – 2 min 
3. 100% ethanol – 2 min 
4. Xylene – 3 min 
5. Xylene – 3 min 
6. Coverslip  
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Echocardiography Representative Images 

 
Figure 17. Echocardiography. Representative images of (A) B- (brightness) mode 
images and (B) Doppler-derived Pulmonary Flow images. Left panel shows sham 
animals, right panel shows MI animals.  
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