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ABSTRACT
Cardiovascular disease (CVD) prevalence and mortality increase with age for men and
women. However, postmenopausal women experience a two-fold increase in risk of CHD
compared to premenopausal women. These statistics suggest that estrogen (E2) is cardioprotective,
however, estrogen replacement therapy is contraindicated in postmenopausal women highlighting
the importance of alternative therapeutic targets. Following ischemia/reperfusion (I/R) injury,
mitochondria undergo ultrastructure damage that impacts their ability to produce ATP and prevent
cell death. Studying mitochondrial dynamics and quality control can provide insight into
mitochondrial compensatory mechanisms after I/R injury, such as Drp1-mediated fission and
mitophagy. Serial block-face scanning electron microscopy (SBFSEM) can provide many
advantages for studying alterations in mitochondrial morphology, but its utilization to investigate
age-associated E2-deficiency is untested. In vivo coronary artery ligation (CAL; 55 min I, 6 hr R)
was used to generate cardiac I/R injury in adult (5-6 mo) and aged ovarectomized (22-24 mo)
female rats. Following perfusion fixation, cardiac samples were imaged by SBFSEM and analyzed
to evaluate mitochondrial density, mitochondrial volume, and qualitative ultrastructural
parameters. Additionally, western blotting was performed to assess mitochondrial Drp1
levels. Decreased mitochondrial volume and increased mitochondrial density with concurrent
increases in the presence of autophagasomes and Drp1 in the adult, but not aged female heart
during reperfusion. Collectively, the results suggest for the first time, deficient fission-mediated
mitophagy in the aged female heart with I/R injury. These results further suggest that SBFSEM is
an effective approach to study mitochondria under conditions of I/R injury. That alterations in
mitochondrial quality control occur in the aged, E2-deficient heart provides a possible mechanism
for reduced functional recovery after an ischemic event in post-menopausal women.

ii

TABLE OF CONTENTS
LIST OF FIGURES .................................................................................................... iii
LIST OF TABLES ....................................................................................................... iv
ACKNOWLEDGEMENTS ......................................................................................... v
Chapter 1 Introduction .................................................................................................... 1
Statement of Problem ....................................................................................................... 3
Specific Aims and Hypotheses......................................................................................... 4

Chapter 2 Review of Literature.................................................................................... 6
I. Cardiovascular Disease in Aging Females ................................................................... 6
II. Mitochondrial Dynamics and Quality Control ............................................................ 22
III. Serial Block-Face Scanning Electron Microscopy..................................................... 32
IV. Summary .................................................................................................................... 38

Chapter 3 Project Summary ......................................................................................... 40
Introduction ...................................................................................................................... 40
Methods............................................................................................................................ 43
Results .............................................................................................................................. 48

References .................................................................................................................... 64

iii

LIST OF FIGURES
Figure 1: Cycle of Mitochondrial Dynamics (84) .................................................................... 23
Figure 2: Pathways Targeting Autophagosomes to Damaged Mitochondria (99) ................... 28
Figure 3: Pathways Stimulating Mitophagy Activation by Damaged Mitochondria (99)
(Modified) ........................................................................................................................ 30
Figure 4: SBFSEM Methods for Image Acquisition and Processing (118) (Modified) .......... 33
Figure 5: Tissue Preparation and Imaging ............................................................................... 46
Figure 6: Mitochondrial Volume ............................................................................................. 49
Figure 7: Three- dimensional Mitochondrial Reconstructions ................................................ 50
Figure 8: Distributions of Mitochondrial Volume ................................................................... 51
Figure 9: Mitochondrial Density .............................................................................................. 52
Figure 10: TEM Images ........................................................................................................... 54
Figure 11: SEM Images ........................................................................................................... 55
Figure 12: Mitochondrial Drp1 Protein Levels ........................................................................ 56

iv

LIST OF TABLES
Table 1: Electron Microscopy on the Effects of Aging on Cardiac Mitochondria .................. 14
Table 2: Electron Microscopy Studies on Cardiac Mitochondria Undergoing Cardiac Injury 18

v

ACKNOWLEDGEMENTS

I would like to thank Dr. Korzick for her support and guidance throughout the progression
of this project. She was constantly pushing me to innovate solutions to problems I faced throughout
my research, and was a constant source of advice and encouragement. I would also like to thank
Bobbie Garvin, Morgan Jackson, and Bin Guo for their support with this project. They were a
large source of help when I needed advice on moving forward with the various stages of my
research, and were always present to lend a hand when needed. Finally, I would like to thank my
family, who have been supportive throughout this entire process. Without their guidance, this
would not have been possible.

1

Chapter 1
Introduction
Cardiovascular disease (CVD) is the leading cause of death for both women and men
worldwide, accounting for approximately one out of every three deaths in the United States alone.1
It is estimated that half of all cardiovascular morbidity in men and women under 75 years of age
is attributed to coronary heart disease (CHD), a subtype of cardiovascular disease that includes
myocardial infarction (MI) and angina pectoris (AP). CHD-related mortality increases with age
for men and women, but gender differences are present.1 Prior to 60 years of age, men have greater
vulnerability to CHD-related events compared to women. However, at the onset of menopause,
typically between 50 and 55 years of age, a 10-fold increase in the prevalence of heart disease is
seen in women compared to the 4.6-fold increase in men.3 The Framingham Study has also found
that postmenopausal women have a two-fold increase in relative risk of CHD compared to
premenopausal woman.2 These findings suggest that estrogen (E2) can have a cardioprotective
role, and once production is diminished during menopause, women can experience a higher risk
for CHD. Estrogen replacement therapy (ERT) has been the dominant therapeutic approach to
reduce the risk of menopause-related CHD. However, a large clinical trial (Woman’s Health
Initiative) linked ERT to an increased risk in CVD for postmenopausal women.4 Further studies
have associated ERT with an increased risk of endometrial cancer, venous thromboembolism, and
other complications.5–8 Notably, ERT is currently contraindicated by the American Heart
Association, therefore highlighting the need for improved therapies to decrease the risk of CHD
associated with E2-deficiency in aged women.

2

In order to develop new therapies and treatment methods for MI, particularly in aging and
estrogen-deficient females, it is imperative to elucidate the underlying mechanisms for cell death
due to ischemic injury. Mitochondria are crucial organelles for cell survival, as they regulate the
pathways for cell death triggered by the ischemia/reperfusion (I/R) injury that accompanies MI.
I/R injury is associated with increased pore opening on the mitochondrial membrane, resulting in
mitochondrial swelling and often rupture. Mitochondrial rupture can release cytoxic molecules
into the cytosol, thus inducing cell death within the heart.9 Mitochondria also utilize mitophagy,
the elimination of dysfunctional mitochondria, in order to clear damaged mitochondria and
maintain normal cardiac function following an ischemic insult. 10 Importantly, cardiac I/R injury
has been linked to increased mitophagy in mice.11–14 In addition, studies in male mice have also
shown that cardiac aging impairs mitophagy.15,16 While important insight has been garnered from
these prior studies, the mitochondrial response to cardiac I/R injury with age-associated E2deficiency following MI is unstudied.
A recent technological advancement in biological science to study mitochondrial
ultrastructure includes serial block-face scanning electron microscopy (SBFSEM), which provides
a viable method to create three-dimensional reconstructions of cardiac mitochondria. Moreover,
SBFSEM allows for visualization of patterns of interaction between mitochondria, acquisition of
mitochondrial volume data, and determinations of autophagosomes and mitophagy in hearts that
have undergone I/R injury. To the best of our knowledge, SBFSEM has never been used to study
mitochondria following I/R injury. SBFSEM provides unique advantages to study the
mitochondrial mechanisms underlying I/R injury, which include the ability to create threedimensional (3D) reconstructions of mitochondria, acquire mitochondrial volume and density data,
and determine the presence of autophagosomes in a model of age-associated E2-deficiency.
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Statement of Problem
The Centers for Disease Control and Prevention predict that deaths due to heart disease
will escalate considerably between now and 2030, with the number of heart disease survivors
growing at a faster rate than the United States population.17 While postmenopausal women have a
higher risk of CHD compared to age-matched males, the treatment options available for this
population are not adequate at this time. ERT has been linked to increased risk for CVD in
postmenopausal women, as well as other health complications.
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Therefore, more research into

the mechanisms associated with I/R injury in the aged, E2-deficient population is needed to yield
more effective treatments for the future.
Mitochondria regulate cellular death in regions affected by I/R injury. While SBFSEM is
an advantageous method to study the effects of I/R injury on cardiac mitochondria, it has not yet
been employed for this purpose. Using SBFSEM allows us to create novel three-dimensional
reconstructions of mitochondria, and can provide important insight into mitochondrial volume,
autophagosome presence, and mitochondrial patterns of interaction in the aged heart following
ischemic injury. Research proposed herein focuses on optimization studies using SBFSEM to
better understand cell death mechanisms associated with MI in aged, E2-deficient females.
Between 1980 and 2000, there has been a decline in the number of deaths in men attributed
to CHD. It has been estimated that approximately 47% of this decrease is attributable to the use of
treatments and prevention strategies. 1 With further research and understanding of the underlying
mechanisms for CHD specifically targeting aged women, reductions in CHD-related mortality is
also likely possible in aged women.
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Specific Aims and Hypotheses
Specific Aim #1: To determine the feasibility of SBFSEM to study cardiac mitochondrial
ultrastructure using a model of coronary artery ligation in aged, E2-deficient female rat heart.
Utilization of SBFSEM to study cardiac mitochondria in a model of coronary artery
ligation (CAL) in aged, E2-deficienct female rat heart has not yet been explored. Female F344 rats
ovariectomized (OVX) at 15 mo and aged to 22-24 mo (middle aged-to-old; MO OVX), as well
as adult rats (5-6 mo) will undergo CAL (55 min I/6 hr R) and be compared to non-ischemic
controls. Left ventricular tissue will be perfusion fixed and subjected to SBFSEM. Image stacks
will be obtained and subjected to 3D mitochondrial reconstruction analysis using Avizo 3D
Imaging Software. The ability to observe sharp images of mitochondria, view autophagosomes,
create 3D reconstructions of mitochondria, and obtain volume and density data for mitochondria
will be used to assess the effectiveness of SBFSEM for studying cardiac mitochondria in a model
of CAL in the aged, E2-deficient female rat heart.
Hypothesis 1: SBFSEM is an effective method for studying cardiac mitochondria in a
model of CAL in aged, E2-deficient female rat heart, as assessed by the ability to obtain
clear images of mitochondria, view autophagosomes, create 3D reconstructions of
mitochondria, and obtain mitochondrial volume and density data.

Specific Aim #2: To determine the effects of I/R injury on mitochondrial morphology and
mitophagy in aged, E2-deficient female rat heart.
I/R tolerance diminishes with increasing age, and postmenopausal women are more likely
to experience greater I/R injury vs age-matched men due to the loss of cardioprotective E2. In this
study, adult (5-6 mo) and MO OVX (OVX at 15 mo, aged to 22-24 mo) female rats will undergo
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CAL surgery (55 min ischemia) with 6 hr reperfusion to generate an in vivo model of MI in aged,
E2-deficient female rats. Rat hearts will undergo perfusion fixation, imaging via SBFSEM, and the
images will be analyzed using Avizo 3D Imaging Software. 3D reconstructions of mitochondria,
mitochondrial volume and density, and the presence of autophagosomes will be detected. In
addition, western blot analysis will be performed to determine the levels of a protein associated
with mitochondrial fission, dynamin-related protein 1 (Drp1). Transmission electron microscopy
will also be utilized to further characterize the effects of I/R injury on mitochondrial area and
density in adult and MO OVX hearts. Collectively, mitochondrial volume, density, area, and
markers of autophagy will provide insight into cell death mechanisms such as excess mitochondrial
permeability transition pore opening, altered mitochondrial dynamics (fission and fusion) and/or
defective mitophagy following I/R injury.
Hypothesis 2: Following I/R injury, adult female rat heart will have a decrease in
mitochondrial volume, and aged, E2-deficient female rat heart will show no change in
mitochondrial volume compared to baseline animals.
Hypothesis 3: Age-associated E2-deficiency will be associated with decreased mitophagy and
greater cell death following I/R injury compared to adult rats.
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Chapter 2
Review of Literature

I. Cardiovascular Disease in Aging Females
Cardiovascular Disease
Cardiovascular disease (CVD) is the leading worldwide cause of death, representing 31%
of all global deaths in 2013.1 In the United States alone, CVD is the leading cause of death for both
women and men, as approximately 1 out of 3 deaths in the United States is attributed to a
cardiovascular event.1 CVD prevalence and mortality increases with senescence for men and
women, but gender differences still exist for this disease. 1 For example, women who are over the
age of 45 have higher rates of death within one year of experiencing their first myocardial
infarction (MI) compared to age-matched men.18 Also, at menopause, women have a heightened
prevalence of heart disease compared to men.3 Therefore, these findings support that CVD remains
a major source of female mortality.
It has been estimated that more than half of all cardiovascular issues that occur in men and
women under 75 years of age are attributed to coronary heart disease (CHD).

1

CHD is a

classification of CVD that includes MI, angina pectoris (AP), and other forms of acute ischemic
heart disease. Ischemic heart disease is characterized by loss of blood flow to the heart, which is
most commonly associated with heart attacks. This loss of blood flow can lead to cellular death
within the heart, which can be detrimental to overall cardiac function. According to data from
2011, CHD accounts for the greatest number of cardiovascular-related deaths, as it is estimated
that an American will have an MI approximately every 42 seconds.1 CHD is a tremendously
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pervasive health issue, acting as the underlying cause of death for about 1 out of every 7 deaths in
the United States in 2013.1
The difference in the time course of heart attacks in males and females is often
misunderstood. It is often emphasized that men have a greater risk of CHD at all ages. However,
this is not true, for the prevalence of CHD in women after the onset of menopause is often
underrepresented. It is often predicted that men have a higher probability of experiencing a CHDrelated event compared to women. This idea is often assumed to hold true for all ages, but statistics
have revealed that this is not the case. At menopause, a 10-fold increase in the prevalence of heart
disease in women exceeds the 4.6-fold increase in age-matched men.3 Therefore, these statistics
support the need for the elucidation of mechanisms underlying CHD in aged, postmenopausal
women.
One potential mechanism causing the increase in the prevalence of CHD in aged females
is that estrogen (E2), which has cardio-protective properties, is no longer produced by the ovaries
after menopause. Postmenopausal E2 production remains active through the action of the enzyme
aromatase converting androgens to estrogens in adipose tissue, osteoblasts and chondrocytes of
bone, vascular endothelium and aortic smooth muscle cells, and sites in the brain. However,
extragonadal E2 production is not sufficient to return E2 levels in postmenopausal women to those
seen in premenopausal women.19 A 20-year follow-up of the participants of the Framingham Study
showed a two-fold increase in relative risk of CHD in postmenopausal versus premenopausal
women. In a 24-year follow-up of this same cohort, the MI incidence rate had changed from 1.4
in pre-menopausal women to 3.9 in postmenopausal women.2 The therapy available to reduce this
risk of menopause-related CHD is estrogen replacement therapy (ERT). However, a large clinical
trial using this approach, the Women’s Health Initiative, revealed that ERT can actually increase
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the risk of cardiovascular disease in postmenopausal women.4 Additionally, studies have linked
ERT with the development of endometrial cancer, venous thromboembolism, and other
complications.5,6,8 Therefore, there are currently no effective methods to lower the risk of CHD in
postmenopausal women.
While the exact mechanisms underlying E2’s cardio-protective effects are still being
investigated, E2 has been linked to augmented nitric oxide (NO) production and lipid metabolism,
and decreased reactive oxygen species (ROS) production, particularly at complexes 1 and 3 of the
electron transport chain (ETC). NO induces cyclic guanosine monophosphate (GMP) production
via guanylate cyclase activation, which leads to vasodilation. Lipid metabolism reduces lipid
build-up in the endothelium.7 Continual vasoconstriction and lipid deposition are linked to diseases
such as hypertension and atherosclerosis, both of which contribute to increased CHD risk.20 In
addition, ROS can have negative effects on cellular DNA and mitochondrial function within the
heart.21 Therefore, the presence of E2 reduces risk factors that predispose the heart to myopathy.
While it has been determined that E2 can have pleiotropic cardio-protective effects, detrimental
effects of E2 deficiency are poorly understood in the aged, female heart.
The Centers for Disease Control and Prevention predicts that heart disease deaths will
increase drastically between now and 2030, and that the number of heart disease survivors will
grow at a faster rate than the United States population.17 Because of this forecasted spike in CHD
morbidity and mortality in the near future, it is essential to explicate the mechanisms behind this
disease. Thus, further research and understanding of the physiology underlying CHD is essential
in order to effectively treat and prevent cardiovascular disease, specifically in postmenopausal
women, in the future.
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Cardiac Aging
Cardiac aging is associated with a multitude of functional alterations that can affect the
overall health of the cardiovascular system. Senescent cardiac tissue is characterized by diminished
contraction velocity and decreased β-adrenergic response. In addition, studies using rodents have
linked slowed ventricular relaxation to aging.22,23 Particularly, this change was attributed to altered
calcium (Ca2+) handling in aged cardiomyocytes, such as dysregulated Ca2+ uptake into the
sarcoplasmic reticulum during relaxation. These changes are associated with the increased
incidence of improper cardiac function, heart failure, and atrial fibrillation in the elderly. This is
illustrated by a study demonstrating that cardiac output is decreased by 20 to 30% during maximal
exertion in elderly compared to young healthy subjects.22 Each of these age-related complications
can cause decreased function of the heart.
Senescent hearts also exhibit structural changes compared to their youthful counterparts.
Older myocardium exhibits augmented waste metabolites, such as lipofuscin, a cross-linked lipid
and protein structure produced during lysosomal digestion, and amyloids, aggregates of insoluble
fibrous protein.24 Senescent cardiac tissue also has characteristically enlarged cardiomyocytes that
are present in fewer numbers compared to young counterparts.23,25,26 Because the heart consumes
a daily mass of adenosine triphosphate (ATP) that is 5 to 10 times greater than its cardiac weight,
and cardiomyocyte size increases with age, aged cardiac tissue has heightened energy demands to
sustain normal contraction.25 This problem is exacerbated by the finding that aged cardiomyocytes
have greater collagen presence that forms cross-links between adjacent fibers and thus makes
tissue contraction more difficult.22,24,26 Cardiomyocyte waste build-up and extensive cross-linking
are associated with stiffness of cardiac tissue, consequently making it more difficult to contract
and accommodate for an increased energy demand.22–24
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Mitochondria are at the forefront of this issue, as they contain the mechanism used to
generate ATP, the major source of energy for cells, and they control signaling pathways for cell
death. This mechanism is the electron transport chain (ETC), a sequential system of complexes
that are ordered by decreasing redox potential. During ATP production, electrons are transferred
through this transport chain, which subsequently drives the active transport of hydrogen ions from
the mitochondrial matrix into the region between the inner and outer mitochondrial membranes.
The electrochemical gradient resulting from this proton translocation initiates the movement of the
hydrogen ions back into the mitochondrial matrix through ATP synthase. This movement is
coupled with the phosphorylation of adenosine diphosphate (ADP) to form ATP.25 In addition,
mitochondria control signaling pathways for cell death. Therefore, mitochondria have a role in
determining if damaged or malfunctioning cardiac cells should be targeted for elimination.
Changes in the energy-production and cellular death pathways occur during the aging process.

Aging and Mitochondria
The Free Radical Theory of Aging states that chronic exposure to ROS leads to progressive
damage of macromolecules, which contributes to the decline in physiological function with age.27–
29

Based on this concept, the Mitochondrial Theory of Aging was devised. This theory states that

mitochondria in an aging individual experience functional changes due to the damaging effects of
long-term ROS production. These functional changes consequently lead to further increases in
ROS production. This, in turn, induces additional age-related changes in organs and tissues.27
Because ROS production occurs via the ETC inside of mitochondria, mitochondria often obtain
much of the damage from ROS because of their proximity to the source of production.
Mitochondria are thus important to study in terms of aged-related dysfunction.23,30
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The ETC fosters a series of one-electron oxidation-reduction reactions, which inevitably
leads to unwanted reactions in which molecular oxygen obtains an extra electron, generating
superoxide (O2•−). O2•− is converted into hydrogen peroxide (H2O2) via manganese superoxide
dismutase (SOD), and can then be converted into hydroxyl radicals (OH-) via Fenton reactions. In
addition, NO can also combine with O2•− to form peroxynitrate, which is a toxic species.31 The
production of the H2O2 , OH-, and peroxynitrate is what causes the predominant damage to
mitochondria, as these molecules cause oxidative damage to mitochondrial DNA, lipids, and
proteins.32,33
O2•− accumulates in cells over time, as 1-2% of the total daily oxygen consumption is
converted into mitochondrial O2•−.34 Combined with the fact that ROS production affects
mitochondrial structure and leads to further ROS production, it is evident why excess ROS is
observed in aged individuals and most animal species studied, although predominantly assessed
only in males.26,27,30,35
Once generated, ROS can have a multitude of effects on mitochondrial structure and
function. The foremost consequence of ROS in mitochondria is the mutation of mitochondrial
DNA (mtDNA) through deletions or rearrangements.27,28,32 These mtDNA mutations can have
further implications, such as causing defects in the ETC complexes that can lead to further ROS
production or altered respiration.27,36,37 In addition to causing issues with the encoding of DNA for
specific mitochondrial proteins and enzymes, ROS can react with these structures to affect their
activation and down-stream mechanisms or cause damage to them. For example, a study done in
our laboratory showed reduced quantities of ETC complexes I, II, III, IV, and V in response to
aging and estrogen- deficiency in female rats.37 Other studies on aged male mouse hearts showed
consistent results to those found in our lab, as they also discovered reduced expression of several
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mitochondrial ETC complex units, thus suggesting direct effects of aging in addition to estrogendeficiency on mitochondrial respiration.38
Many structural changes are also associated with the damaging effects of ROS in aged
individuals. First, ROS can activate lipid peroxidation in polyunsaturated fatty acids (PUFAs),
which are most broadly found in membranes. This can damage the structure of membranes within
cells, such as within the two mitochondrial membranes. When membrane PUFAs undergo lipid
peroxidation, aldehydes, alkenals, and hydroxyalkenals are produced. These are longer-lasting
reactive species that can cause further cellular damage.23,28,30,35 In addition, various studies on
aging rats have shown morphological differences in aged animals (vs. young), such as disruption
and dissolution of mitochondrial cristae and the loss of the parallel position of mitochondria. These
structural observations have been noted as indicators of mitochondrial damage in studies imaging
cardiomyocytes in aged animals.29,39 No gender was specified in these studies.

Literature Review: The Effects of Aging on Cardiac Mitochondria
Table 1 provides a comprehensive listing of all literature depicting research studies that
have utilized electron microscopy to study the effect on aging on cardiac mitochondria. Notably,
only one of the studies listed examined effects of aging on cardiac mitochondria in a female
population. Therefore, the effect of aging on cardiac mitochondria in female rat heart is largely
unknown. In addition, there are inconsistent results about the effects of aging in the aged, male rat
heart. For example, 2 studies found that mitochondrial size decreased with age,39,40 while 3 studies
said that size was unchanged with aging,41–43 and 1 study showed that mitochondrial size increased
with age.44 Therefore, goals of the current study are to increase the knowledge of mitochondrial
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changes due to aging in female rat heart, and to further elucidate the effects of aging in cardiac
mitochondria.

14

Table 1: Electron Microscopy on the Effects of Aging on Cardiac Mitochondria

15

Ischemic- Reperfusion Injury
Ischemia (I) is characterized by the lack of blood supply to tissues in response to an
obstruction in arterial blood flow. Reperfusion (R) is the restoration of blood flow to the formerly
ischemic area. During I, cells experience low intracellular pH, which inhibits mitochondrial
permeability transition pore (MPTP) opening.48,49 However, this protection is no longer present
during reperfusion as the cellular pH is increased.50 The opening of the MPTP during R is harmful
to cells because it can lead to water inflow into the mitochondria, causing it to rupture. Also, MPTP
opening can result in the release of cytoxic substances, such as cytochrome c, from the
mitochondria, which can lead to cell death.9 Therefore, while R is necessary in order to reestablish
the supply of oxygenated and nutrient-rich blood to tissues and remove harmful by-products, it
can increase injury within the affected tissue. Overall, I primes the cell for harm, and R exacerbates
this injury.
Ischemia is typified by acidic intracellular conditions. As oxygen inflow ceases due to
arterial obstruction and cells can no longer rely on oxidative phosphorylation for energy, cells
compensate for this loss by producing ATP via anaerobic glycolysis. This process leads to the
accumulation of hydrogen ions within the cytosol of affected cells. In response to this pH change,
the Na+/ H+ exchanger (NHE) on the plasma membrane reverses its direction and pumps H+ out of
the cell and Na+ in to the cell. This increase in intracellular Na+ concentration induces the Na+/
Ca2+ exchanger to reverse its activity and pump Ca2+ into the cell.51 In addition, due to the shortage
of ATP production during I, sarcoplasmic endoplasmic reticulum calcium ATPase, which leads to
Ca2+ uptake into the sarcoplasmic reticulum (SR), functions at a decreased rate. However, Ca2+
release from the endoplasmic reticulum by ryanodine receptors is enhanced during I/R injury,
further intensifying the issue of amplified Ca2+ in the cytosol.
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Cells respond to an increase in Ca2+ concentration by sequestering Ca2+ within the
mitochondria via uptake using the mitochondrial Ca2+ uniporter. Heightened mitochondrial Ca2+
level opens the MPTP located on the mitochondrial membrane, allowing for the influx of water.
While water intake during I induces some mitochondrial swelling, studies have shown that MPTP
opening occurs predominantly during R.48,52
MPTP opening is also triggered by the presence of ROS generated during R. During I,
complexes along the ETC become damaged. Therefore, when oxygen is reintroduced during
reperfusion and is transferred down the ETC to produce ATP, a huge spike in ROS production
occurs.53 These ROS then bind to proteins on the MPTP, causing the permeability of these pores
to open. Thus, the majority of mitochondrial swelling is seen during R. The mechanism for Ca2+
overload and its effect on MPTP opening is reviewed in detail by Kalogeris et al. and Di Lisa et
al..33,54
Studies on the deleterious effects of I/R injury have shown that the amount of damage is
time-dependent.33,55–60 Early studies measuring the effects of I on cardiac tissue in dogs determined
that I periods of up to 18 minutes lead to reversible injury, which was characterized by some acute
functional deficits but no cell death. Ischemia times greater than 18 minutes led to irreversible
injury, which was associated with swelling of mitochondria, presence of amorphous matrix
densities in mitochondria, and defects in respiratory control and metabolic capacity.57 Various
other studies have reported this phenomenon, to which the general finding is that with increased
length of I, mitochondria experience greater swelling, matrix clearing, and occurrence of
amorphous matrix densities.56–58 As noted earlier, the addition of R exacerbates these effects.
Specifically, a relevant study demonstrated the effects of increasing I duration on cardiac tissue of
female Wistar rats. Rats were subjected to 15, 30, 45, or 90 min of I, and approximately 50% of
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rats in each group underwent R for 14 min. Results showed that rats undergoing I/R injury had
greater ultrastructural damage vs I alone.60 Increasing R length has also been implicated in
increased mitochondrial size and number of dense bodies.59

Literature Review: The Effects of Cardiac Injury on Cardiac Mitochondria
Table 2 provides a summary of current literature depicting research studies which utilized
electron microscopy to study the effect on cardiac injury on cardiac mitochondria. To the best of
our knowledge, this is a complete list of articles regarding this topic. Of these studies, 4 utilized I
times between 45 and 60 min, whereby morphological changes such as cristae clearing,
mitochondrial swelling, and cristae disorganization were observed.57,60–62 Accordingly, an I
duration of 55 min was used in the current studies and represents an effective time point to observe
cardiac mitochondrial damage. Previous studies performed on rats and mice demonstrate limited
mitochondrial disruption following 60 and 90 min of R. Only one study showed heightened
mitochondrial damage following 45 min I and 4 hr R in mice.62 To assure changes in mitochondrial
ultrastructure, a 6 hr R time was utilized herein.
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Table 2: Electron Microscopy Studies on Cardiac Mitochondria Undergoing Cardiac Injury
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Aging, Estrogen Deficiency, and I/R Injury
Aging and E2-deficiency have similar implications for cardiac tissue that has undergone
I/R injury. As stated previously, ROS production increases with age, and it is especially heightened
with I/R injury. In a study on heart mitochondria from male rats at 3 mo and 23 mo of age,
superoxide radical level was increased by 25% in mitochondria extracted from aged compared to
adult rats.35 Because ROS are a trigger for MPTP opening, aged, male rats have an increased
sensitivity to MPTP permeability.73,74 This issue is exacerbated by E2-deficiency, as studies on rats
and dogs have showed that E2 treatment of adult animals undergoing I/R injury led to diminished
oxidative stress on cardiac tissue.75–77 The ages of the animals were not specified within these
studies. Within our lab, we have found a large increase in monoamine oxidase A, a source of
hydrogen peroxide, after I/R injury in aged and aged, ovarectomized (OVX) female hearts, but not
in adult OVX hearts.37 Thus, with aging associated E2-deficiency, cardiac tissue experiences
heightened oxidative stress and therefore increased susceptibility to MPTP opening.78 In addition,
E2 has also been linked to activation of antioxidant pathways such as increased superoxide
dismutase levels after I/R injury.79 Therefore, E2-deficiency would presumably have a negative
impact on antioxidant production.
Estrogen also has an inhibitory effect on MPTP opening by limiting Ca2+ overload in
myocardial cells that have experienced I/R injury. A study using OVX adult rats showed that 17𝛽estradiol supplementation led to NHE inhibition, which limited myocardial Na+ and Ca2+
accumulation.80 Also, in our lab, we have observed approximately 20% downregulation in Ca2+
ATPase pumps, which remove Ca2+ within the cell, in aged OVX female rats.37 Therefore, with
E2-deficiency in aged rats, there is heightened Ca2+ that can trigger MPTP permeability. MPTP
permeability is characterized by mitochondrial swelling, so this is a feature seen in E 2-deficient
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and aged animal models undergoing I/R damage. In addition, cristae disruption and dissolution, as
well as dense body presence, has been seen in E2-deficient and aged animals.81 Individually, aging
and E2-deficiency have negative effects on cardiac tissue that undergo I/R injury; together, these
effects are additive.
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II. Mitochondrial Dynamics and Quality Control
Mitochondria are dynamic organelles that constantly undergo mitochondrial turnover, a
process in which dysfunctional mitochondria are eliminated through mitophagy and replaced via
biogenesis. Mitochondria continually generate damage-inducing ROS when producing energy via
oxidative phosphorylation, so turnover in order to supply cells with functional mitochondria occurs
fairly rapidly. Mitochondrial turnover studies have reported half-lives ranging from 14 days to
17.5 days.82 Because each rat cardiomyocyte has approximately 1000 mitochondria per cell, it is
estimated that 1 mitochondrion is replaced every 40 minutes in cardiac tissue.83 Turnover is an
essential process in mitochondrial quality control because damaged mitochondria release more
ROS, produce less ATP, and can stimulate cellular necrosis. Fission and fusion, which are the
splitting and joining of mitochondria, respectively, are also methods in which mitochondria adapt
to their environment to maintain function and regulate quality control. Fission is the precursor to
mitophagy, and fusion is the step following biogenesis or fission of mitochondria. Therefore, each
of these processes: the removal of damaged mitochondria, replacing them with functional
mitochondria, and the dynamic processes of mitochondrial fission and fusion, are critical in
energy-demanding cardiac tissue. This cycle of mitochondrial dynamics is shown in Figure 1, and
the various steps will be discussed below.
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Figure 1: Cycle of Mitochondrial Dynamics (84)

Biogenesis
Mitochondrial biogenesis is the production of new mitochondria within a cell. This process
is characterized by augmented mitochondrial mass and volume in a cell, and the increased
expression of mitochondrial and nuclear transcription factors. The main regulator of mitochondrial
biogenesis is proliferator- activated receptor gamma coactivator-1 alpha (PGC-1α). Studies have
shown that forced expression of PGC-1α in 3T3 adipocytes, C2C12 myocytes, and cardiac
myocytes leads to increased gene expression, and greater production of mitochondrial DNA,
proteins, and enzymes needed for mitochondrial biogenesis.85–87
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PGC-1α induces mitochondrial biogenesis by activating the nuclear respiratory factors 1
and 2 (NRF-1 and NRF-2). NRFs direct transcription of nuclear encoded mitochondrial proteins,
which are key regulators for the assembly process of respiratory chain complexes, as well as the
transcription and translation of mitochondrial DNA. In addition, the NRFs control the expression
of mitochondrial transcription factor A (Tfam). Tfam is a transcription factor that is needed to
express many mitochondrial genes, including tRNAs, rRNAs, and 13 subunits of the respiratory
chain.83 The importance of PGC-1α in energy maintenance of cardiac cells is evidenced by a study
on PGC-1α knock-out (KO) mice.88 The PGC-1α KO mice had a 30 to 50% reduction in genes
needed for oxidative phosphorylation and ATP synthesis. Due to the energy deficiency
experienced by PGC-1α KO mice, ventricular contractility was reduced by 20% compared to their
control counterparts.88 In addition, PGC-1α is a coactivator of nuclear transcription factors that
increase SOD and glutathione peroxidase-1 levels in cells.89 These enzymes reduce the presence
of damaging ROS in mitochondria, and thus are important in mitochondrial quality control. In
conclusion, PGC-1α has a critical role in the synthesis of precursors needed for mitochondrial
biogenesis and the augmentation of antioxidants in cells, making it a key regulator in the generation
and maintenance of functional mitochondria within cells.

Fusion
Mitochondrial fusion is the joining of mitochondria to form larger, more elongated
mitochondria. Fusion occurs when neighboring mitochondria join together and mix their
metabolites and mtDNA in order to compensate for each mitochondria’s deficiencies. Fusion can
result in mtDNA repair, complementation of protein components, and increased production of
energy during periods of energy deprivation. This process is regulated by the GTPase dynamin
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proteins Mitofusin-1 (Mfn-1), Mitofusin-2 (Mfn 2), and optic atrophy 1 (Opa1). The mitofusin
proteins are located on the outer mitochondrial membrane, and their function is to form complexes
that can tether adjacent mitochondria and fuse outer mitochondrial membranes.90 Opa1, which is
localized at the inner mitochondrial membrane, is used to fuse the inner mitochondrial membranes
and maintain the order of the cristae as the mitochondria fuse.91

Fission
Mitochondrial fission is the splitting of mitochondria to result in more numerous smaller
and circular mitochondria. It is known to be an important precursor to mitophagy to form smaller
mitochondria that can easily be engulfed by autophagosomes. Mitochondrial fission is mediated
by GTPase dynamin-related protein 1 (Drp1), and it is induced by post-translational modifications
to Drp1.92 For example, heightened intracellular Ca2+, which occurs as a result of ischemic injury,
triggers calcineurin-mediated dephosphorylation at Ser656 on Drp1.93 Other post-translational
modifications that are pro-fission include Drp1 sumoylation by small ubiquitin-like modifier 1
(SUMO1) and mitochondrial-anchored protein ligase (MAPL).94,95
These post-translational modifications signal for Drp1 translocation to the mitochondria.
The Drp1 protein predominantly moves to sites marked for mitochondrial division by the presence
of ER tubules contacting the mitochondria’s surface.96 Drp1 primarily resides in the cytosol as a
dimers or tetramer, but translocates to the outer mitochondrial membrane (OMM) and
oligomerizes around the mitochondria when prompted.92 The C-terminal GTPase domain on Drp1
provides a mechanical force to then constrict the mitochondria, and this domain undergoes GTP
hydrolysis to separate the mitochondrial membrane.97 Drp1, however, does not have a specific
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mechanism to bind to mitochondria, and thus requires the receptors mitochondrial fission 1 protein
(Fis1) and mitochondrial fission factor (Mff) to attach to mitochondria.
Fis1 is a protein found on the OMM, and is composed of an N-terminal repeat motif that
faces the cytoplasm in order to serve as a receptor for Drp1. While it is normally dispersed
throughout the surface of the OMM, during Drp1 translocation, these receptor proteins congregate
at areas where the mitochondrial will be segregated.84 Mff is another protein located on the OMM
that serves as a receptor to Drp1. A study on Mff receptors in mouse embryonic fibroblast cells
has shown that in Mff KO cells have compromised mitochondrial fission.98

Mitophagy
Mitophagy is the process used by the cell to eliminate damaged mitochondria via
envelopment by an autophagosome and then mitochondrial degradation. It is used to rid the cell
of impaired mitochondria during times of normal homeostasis, as well as during cellular stress. 99
Studies have linked decreased mitophagy to the progression of heart failure and cardiac pathology,
and have suggested a cardio-protective effect of mitophagy on cells experiencing stress or
aging.14,100,101 Therefore, mitophagy is a critical mechanism used by cardiac cells to maintain
homeostasis.
Autophagosome formation begins with the nucleation of the phagophore, a small double
membrane structure, by the protein complex Beclin 1 (Atg6)/VPS34/VPS15. Then, ubiquitin-like
conjugation systems ATG12-ATG5 and ATG8/light chain 3 (LC3) attach to this complex to
facilitate the elongation of the phagophore.102 After the completion of elongation, the LC3-II
protein that is bound to the membrane of the autophagosome will interact with specific proteins or
receptors that mark damaged mitochondria for destruction.102 The dysfunctional mitochondria is
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then engulfed by the autophagosome and a lysosome fuses to the mitochondria-phagosome
structure and degrades the mitochondria with acid hydrolase enzymes.99
Studies have supported that mitochondrial fission is a precursor to mitophagy.103,104
Fragmentation of a mitochondria is asymmetrical, and segregates a mitochondria into a daughter
mitochondrion with normal membrane potential and one with low membrane potential. The
mitochondrion with the low membrane potential is therefore distinguishable as damaged, and has
a significantly less probability of undergoing fusion.105 This allows for selective degradation of
damaged parts of mitochondria by mitophagy.
Damaged mitochondria are selectively labeled for destruction via autophagosomal
degradation by two pathways: the phosphatase and tensin homolog induced putative kinase 1
(PINK1)/Parkin pathway and the mitochondrial receptor-mediated mitophagy pathway. During
normal conditions, PINK1 is imported into mitochondria and degraded.106 When a mitochondria
loses membrane potential due to damage, the translocation of PINK1 into mitochondria is impeded
and PINK1 accumulates on the OMM. This accumulation results in PINK1 phosphorylating Mfn2,
a receptor located on the outer mitochondria. Phosphorylated Mfn2 then functions as a receptor
for Parkin protein.107 Once Parkin is bound, it is activated by the phosphorylation of ubiquitin on
its ubiquitin ligase component by PINK1 .107 Activated Parkin then ubiquitinates proteins on the
OMM, such as Mfn 1 and 2, mitochondrial rho GTPase (MIRO), and Hexokinase I. 99,108,109
Adaptor proteins such as p62/SQSTM1 bind to these ubiquitinated proteins. These adaptor proteins
then facilitate the binding of the LC3 domain on an autophagosome to the mitochondria, and target
the mitochondria for destruction via the autophagosome-lysosome complex.102
Mitochondria are also selectively labeled for destruction by mitochondrial receptormediated mitophagy pathways. One of these pathways involves the use of the BCL-2 related
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proteins BCL-2 nineteen-kilodalton interacting protein-3 (BNIP3) and Nip3-like protein X (NIX).
These proteins are located on the OMM, and can directly bind to the LC3 region of
autophagosomes in order to target the mitochondria for degradation.110,111 In addition, FUN14
domain-containing protein 1 (FUNDC1) is a protein located on the OMM that promotes
mitophagy. During hypoxic conditions or membrane potential loss, FUNDC1 is dephosphorylated
by phosphoglycerate mutase family member 5 (PGAM5).112 This allows FUNDC1 to act as a
receptor for the LC3 region of autophagosomes, and thus stimulates mitophagy.113 The
PINK1/Parkin and mitochondrial receptor-mediated pathways to target autophagosomes to
damaged mitochondria are summarized in Figure 2.

Figure 2: Pathways Targeting Autophagosomes to Damaged Mitochondria (99)
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In addition to having mechanisms to stimulate autophagosome ligation to damaged
mitochondria, dysfunctional mitochondria also provide signals to further activate mitophagy
during cellular stress. For example, BH3 proteins can disrupt the interactions between BCL-2
proteins and Beclin 1, a protein involved in phagosome nucleation.114 This stimulates the release
of Beclin 1, which allows this protein to associate with vacuolar protein sorting 34 (VPS34) and
vacuolar protein sorting 15 (VPS15) proteins and nucleate another autophagosome.114 Second,
when mitochondria are damaged they produce less ATP. This condition leads to the activation of
5’ AMP-activated protein kinase (AMPK), which then phosphorylates and thus activates Unc-51Like Kinase 1 (ULK1).115 ULK1 then activates the Beclin/VPS34/VPS15 complex and initiates
autophagosome production.99 Both of these pathways are critical to generate autophagosomes that
will be used to remove mitochondria damaged by cellular stress.
Damaged mitochondria also produce excess ROS, which act as a signal for
autophagosome generation. ROS can directly inhibit mammalian target of rapamycin (mTOR),
which is a negative regulator of mitophagy, or can activate BNIP3, a receptor for autophagosomes
on damaged mitochondria.116 In addition, the opening of the MPTP can lead to mitochondrial
swelling and loss of the membrane potential. These conditions can consequently target the
mitochondria for mitophagy. Excessive ROS production and MPTP opening are significant
because these processes are associated with I/R injury. This implies that mitophagy is upregulated
during I/R injury due to the effects of the mitochondrial damage. The processes involved in stressinduced mitochondrial damage that stimulate the activation of mitophagy are depicted in Figure 3.
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Figure 3: Pathways Stimulating Mitophagy Activation by Damaged Mitochondria (99) (Modified)

Effects of Aging and Ischemic-Reperfusion Injury on Mitophagy
Mitophagy is a critical cellular process that is protective during periods of cellular stress,
such as I/R injury.10 In a study on the effect of I on Parkin-mediated mitophagy, male mice
underwent permanent I via ligation of the coronary artery. Parkin -/- mice undergoing I were
determined to have 40% higher mortality than their wild-type counterparts. Also, the Parkin -/mice experienced more mitochondrial and functional damage compared to the wild type mice after
permanent I including mitochondrial swelling, cristae reorganization, enlarged left ventricular
volume, and lower ejection fraction. These results suggest that Parkin-mediated mitophagy has a
prominent role in cellular recovery following I injury in male mice.14
In addition, pro-mitophagy pathways involving Beclin 1, Bnip3, and PINK1 have been
studied after I/R injury in myocardial cell lines. Studies utilizing HL-1 cells, a line of cells derived
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from cardiac tissue, have indicated that stimulated I/R injury upregulates Bnip3-mediated
autophagy and PINK1 expression.11,12 This finding also supports that mitophagy is upregulated
following I/R injury. Furthermore, a study on mouse heart undergoing I only or I/R injury (20 min
I or 20 min I and 20 min R), Beclin 1 expression was non-significantly augmented after I, but
expression was significantly heightened after R in the hearts.13 Overall, these studies support that
mitophagy is upregulated and protective after I/R injury.
Conversely, cardiac aging has been linked to impaired mitophagy.99,101 A study using mice
of an unspecified gender measured LC3-II presence in myocardial cells and used these values to
represent levels of mitophagy within the cells. When the hearts of 6 month, 14 month, and 26
month old mice were compared with 10 week old mice, it was determined that the LC3-II
concentration was significantly lower for the 6, 14, and 26 month old mice versus the 10 week old
mice.15 This finding supports that mitophagy is inhibited with age. In addition, a study comparing
young mice (3-6 months) to older mice (8-15 months) showed increased Mfn1 and Mfn2 levels
and lower Fis1 levels in the older mice. This implies that more fusion and less fission, the precursor
to autophagy, was occurring in the older mice. The researchers speculated that the upregulation of
fusion proteins in the older mice could be a compensatory mechanism in which the increased
number of dysfunctional mitochondria associated with aging could fuse with healthy, neighboring
mitochondria to create a better-functioning mitochondrial network. Also, autophagy proteins were
downregulated in the older mice compared to the young mice, as evidenced by decreased Beclin1 levels and heightened p62 cellular concentrations.16 The implication of impaired mitophagy in
aging myocytes is the accumulation of dysfunctional mitochondria. This, in turn, could contribute
to heightened cellular death and cardiomyopathy in senescent cardiomyocytes.
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III. Serial Block-Face Scanning Electron Microscopy
Serial block-face scanning electron microscopy (SBFSEM) is an imaging tool used in
biological studies that creates large stacks of images that can be utilized to generate threedimensional (3D) images of physiological structures. During this imaging process, a resin
embedded tissue sample can be placed in the microscope as a large block, and this block will be
autonomously sectioned in parallel, equally sized rectangular sections called rasters by a diamond
knife inside of the machine.117 A tightly packed beam of electrons is scanned over each raster. The
electrons are backscattered according to the tissue’s surface contours, and are then detected to
create an image of the tissue sample. Due to the automatized nature of this process, a large quantity
of images can be obtained from one sample in a relatively short period of time. The ability of the
microscope to autonomously slice tissue samples, thus allowing it to quickly acquire large
quantities of images, is the most defining feature and benefit of utilizing SBFSEM. These images
are aligned and stacked for input into software that allows for the analysis of large quantities of
data. Because so many images are available, one can analyze cellular structures in their entirety
throughout the stack.118 Therefore, a 3D image can be devised that displays organelles, proteins,
and other tissue components in high resolution. The process of data acquisition and image
processing is summarized in Figure 4.
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Figure 4: SBFSEM Methods for Image Acquisition and Processing (118) (Modified)

A specialized scanning electron microscope (SEM) that autonomously sections and images a
tissue sample is shown. This process is called serial block-face electron microscopy (SBEM).

SBFSEM is preferable to another prominent biological imaging technique, transmission
electron microscopy (TEM), for a variety of reasons. Foremost, SBFSEM provides a relatively
timely method to obtain and align a large stack of images to create a high resolution 3D image of
the ultrastructure and morphology within a sample. TEM can only generate 2D images, and to
stack them to create 3D images takes an extensive amount of time. In addition, SBFSEM can
analyze a larger volume of the tissue, and TEM requires smaller volume samples due to
transmittance issues of electrons through large volumes. For this reason, serial-sectioning of TEM
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images has a limit on the section thickness for samples.118,119 Also, using SBFSEM, tissues can be
sectioned autonomously by the microscope, which decreases the amount of section loss, damage,
and distortion due to human error during tissue sectioning. Sections are subjected to more
possibilities for human error during the TEM process.118
One major drawback to SBFSEM, however, is that it does not allow for contrast
enhancement after each sectioning. One must perform en bloc staining on SBFSEM tissues, and
penetration depth for heavy-metal stains is limited to below a millimeter.118 However, utilizing
small tissue samples is a possible method to address this limitation. In addition, uneven slicing can
occur if tissue residue gets lodged on the microscope’s microtome. This issue is uncommon and
fairly preventable by close examination of machine protocols. Another significant drawback to
SBFSEM is that researchers must consider limitations of data storage, hardware capability, and
time to analyze the vast quantities of data.117 Lastly, tissue sections utilized in SBFSEM procedures
cannot be re-imaged, whereas those utilized by TEM can be re-imaged.118
High-quality tissue preparation is crucial to ensure the success of obtaining high resolution
images with good contrast while preserving the sample in its native state. After dissection of the
desired tissue, the tissue undergoes chemical fixation with a solution typically composed of 2-4%
paraformaldehyde, 2.5% glutaraldehyde, and .1 M sodium cacodylate buffer. The fixative is used
to crosslink protein components to preserve the tissue’s structure.66,118 Following fixation, staining
with heavy metals is performed. Osmium tetroxide, one of the heavy metal stains, crosslinks lipid
components of cell membranes.66 In addition, further staining with uranyl acetate and lead
aspartate occurs to increase image contrast by increasing sample conductivity and thus minimizing
charging effects during imaging.66,118 A graded ethanol and acetone series follows staining, and is
used to replace any remaining water in the sample. Then, the tissue is embedded in epoxy resin,
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which replaces the ethanol or acetone in the tissue sample. The tissue block is then entered into
the serial block-face scanning electron microscope, serial sections are imaged, and the Gatan
3View System aligns the stacked high resolution images. Following image acquisition, images are
uploaded onto an image processing software such as Avizo 3D Imaging Software. Avizo 3D
Imaging Software allows researchers to look at individual images, reconstruct cellular components
to identify morphology and patterns of interaction, and then acquire quantitative data like volume
and surface area.118
The use of SBFSEM in research is still in its early stages, and the amount of published
literature using this methodology is limited. However, existing work done using SBFSEM has
given insight into a variety of structural and quantitative data. To date, the most prevalent
application includes reconstructing neural networks in the brain, as the expansive networks can be
imaged quickly using the automated imaging process.119,120 However, some literature
encompassing the use of SBFSEM to study mitochondria has also been published in recent years.
Most studies using this technique have utilized mitochondria data as a means to better understand
the structure and function of other cellular components surrounding or containing mitochondria,
but few studies focus directly on mitochondria analysis. For example, Pfeifer et al. and Shomorony
et al. have studied mitochondria in alpha and beta cells of the pancreatic islets of Langerhans from
male mice to determine the differences in quantitative counts, volumes, and ratios of mitochondrial
volume to cell volume between the cell types.121,122 In addition, while studying neuronal networks
in the hippocampi of C57BL/6J mice, mitochondria were reconstructed to determine their
distribution, volume differences, and surface areas between presynaptic and postsynaptic
regions.123,124 A study on normal rat kidney cells (NK-52E) utilized SBFSEM to characterize the
spatial distribution of phagophores with surrounding mitochondria.125
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SBFSEM has been used to make advances in the understanding of mitochondria during
cellular homeostasis, but has also been applied to the study of mitochondria during cellular
pathology. In a study by Vincent et al., the reconstruction of mitochondria in skeletal muscle
allowed for the determination of mitochondrial structural features unique to certain mitochondrial
genetic disorders.126 Mitochondria have also been studied in the DBA/2J mouse model of
glaucoma, in which retinal ganglion cell axons were studied in transport-intact and transportdeficient mice. Smith et al. reconstructed the mitochondria within the retinas and rated the
mitochondria with health scores. It was determined that mitochondria in transport-deficient mice,
which simulated an early symptom of glaucoma, had lower health scores and 60% lower volumes
than their transport-intact counterparts.127 Additionally, SBFSEM has been used to study
mitochondrial morphology in Saccharomyces cerevisiae exhibiting a wild type or mutant version
of the Cdc48p protein, which regulates mitochondrial morphology. Reconstruction of
mitochondria showed increased fragmented and aggregated mitochondria in the mutant group,
which the researchers interpreted as impeded fusion but normal fission caused by the Cdc48p
protein mutation.128 This study shows that mitochondrial reconstruction using SBFSEM can be
used to predict mitochondrial dynamic events occurring within cells.
Two studies have particular relevance to the current research, as they have utilized
SBFSEM to analyze structures within cardiac tissue during normal conditions and in a tachycardiainduced heart failure model. The first study generated 3D reconstructions of cardiomyocytes from
the left ventricles of sheep and adult male Wistar rats. The purpose of this research was to
determine the interspecies differences and the structures of the sarcoplasmic reticulum (SR) and ttubules in cardiac myocytes. Additionally, Pinali et al. aimed to study the changes in this
ultrastructure during heart failure. Mitochondria in animals undergoing heart failure showed
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increased volume, as well as clustering into thick bands, causing the disruption of adjacent SR. 64
Pinali et al. also determined the remodeling of intercalated discs and associated structures during
pacing-induced heart failure in welsh ewes. Animals undergoing heart failure showed enlargement
of their mitochondrial diameters and smaller surface areas of intercalated discs compared to control
groups. The spatial arrangement of mitochondria with gap junctions was also discussed, as it was
found that gap junctions encase bordering mitochondria in cardiac tissue.129 While these studies
provided useful insights into the ultrastructure of cardiac tissue in a heart failure model,
mitochondria were not the key organelle of focus, and this model of heart failure is not analogous
to the I/R injury model of myocardial infarction utilized herein. In addition, to the best of my
knowledge, no studies have utilized SBFSEM to study heart failure in female rats. Hence, a novel
aspect of the current research study is use of an innovative methodological approach (i.e.
SBFSEM) to assess alterations in mitochondrial ultrastructure in response to I/R injury in an
understudied population (i.e. female heart).
Electron microscopy has been used in the past to study the effects of I on cardiac
mitochondria. However, after a comprehensive review of the literature, the use of SBFSEM to
study mitochondria after I/R injury in female rats has not yet been investigated. SBFSEM will
have two major benefits for the proposed studies: 1). the ability to view autophagosome presence
or absence thus inference regarding mitophagy and mitochondrial quality control in adult vs aged
female rat hearts, and 2) the ability to produce, for the first time, 3D reconstructions of
mitochondria from female hearts, as well as the ability to acquire volume data and view patterns
of interaction in mitochondrial networks.
In summary, although SBFSEM has some disadvantages with use, it has major advantages
such as autonomously cutting tissues in the machine, producing high resolution three-dimensional

38

images, and allowing for large volumes of tissues to be studied. The study of the heart using
SBFSEM under conditions of I/R injury and advancing age is novel, and this imaging technique
can be of great benefit to study mitochondria in cardiac tissue. Therefore, SBFSEM is the choice
method for use in imaging cardiac tissue obtained from female rats in my study.

IV. Summary

CVD is currently the leading cause of death worldwide, as approximately 1 out of 3 deaths
in the United States is attributed to a cardiovascular event.1 CVD prevalence and mortality
increases with age for men and women, but gender differences do exist for this disease. Women
over the age of 45 have higher rates of mortality within one year of experiencing their first MI
compared to men.18 At menopause, women show a 10-fold increase in the prevalence of heart
disease while age-matched men show a 4.6-fold increase2, implicating E2 loss as an underlying
contributor to the increased prevalence of CVD in aged females. The combined effects of aging
and E2-deficiency on I/R injury in the female rat heart have been understudied.
Mitochondria are involved in cellular death mechanisms following cardiac stress, and are
thus critical organelles to study following I/R injury in the heart. A decrease in mitochondrial
function has also been associated with age and I/R injury in males. Reduced function of the aged
female heart after I/R injury may be related to mitochondrial ultrastructure damage impacting the
ability to produce ATP and exacerbating cell death. Studying mitochondrial dynamics and quality
control after I/R injury in the aged heart can provide insight to possible compensatory
mitochondrial mechanisms, such as Drp1-mediated fission and mitophagy. SBFSEM is a novel
technique that has not yet been utilized to study mitochondria in the aged, E2-deficient female rat
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heart (or any other model) following I/R injury. A major advantage of SBFSEM is that it provides
a timely method to obtain large quantities of images that can be used to create high resolution 3D
images of the ultrastructure and morphology of mitochondria. Thus, the proposed studies will
assess the feasibility of utilizing SBFSEM to assess age-associated E2-deficiency and I/R injury in
mitochondria. Mitochondrial volume, mitochondrial density, and mitophagy, which can indicate
mitochondrial quality control mechanisms and mitochondrial dynamics occurring in the heart, will
also be investigated.
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Chapter 3
Project Summary

Introduction
Cardiovascular disease (CVD) is the leading cause of death worldwide, having accounted
for 31% of all global deaths in 2013.1 More than half of all cardiovascular-related issues occurring
in those under the age of 75 are attributed to coronary heart disease (CHD).1 CHD encompasses
a wide range of heart complications, including myocardial infarction (MI), angina pectoris, and
other cardiovascular incidents stemming from acute ischemic injury to the heart.1 CHD is a public
health issue that is the underlying cause for approximately 1 out of every 7 deaths in the United
States, thus making research of the mechanisms fundamental to CHD significant.1 While CHDrelated events increase with age in both males and females, at the age of menopause, a 10-fold
increase in the prevalence of CHD in women exceeds the 6-fold increase in aged-matched men.3
In addition, it has been determined that postmenopausal women have a twofold higher incidence
of CVD compared to premenopausal women.2 This finding suggests that menopause, and the
resulting loss of estrogen (E2) in females, is associated with the loss of cardio-protection in female
hearts.
An available therapy for the treatment of E2-loss and its resulting effects on CHD is
estrogen replacement therapy (ERT). However, studies have found that ERT is not effective in
preventing CHD in postmenopausal women. The largest study looking at the effects of ERT on
heart disease is the Women’s Health Initiative. Researchers found that ERT as a treatment for CHD
in postmenopausal women could actually increase the risk of CVD.4 Additional studies have also
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revealed that ERT can increase the risk of other complications, including endometrial cancer and
thromboembolism.5,6,8 Because the current therapies are ineffective in providing protection against
CHD, it is imperative that further research is done studying the mechanisms behind cardiac injury
caused by CHD in postmenopausal women.
A better understanding of the mechanisms underlying cell death as a consequence of MI in
older women is indicated to develop effective treatments and therapies for this population.
Mitochondria are key organelles and possible drug targets after MI, as they are responsible for
mechanistic pathways triggering cell death. Additionally, mitochondria generate energy in the
form of ATP for cells. Following ischemia/reperfusion (I/R) injury, mitochondria have been linked
to increased reactive oxygen species (ROS) production, mitochondrial permeability transition pore
(MPTP) opening, and the release of cytotoxic substances into the cytosol. 9,53 Collectively, these
changes lead to injury to the electron transport chain and mitochondrial ultrastructure, and
subsequently impact energy production and can result in cell death. Therefore, the mitochondria
are a critical physiological target to study in relation to I/R injury.
Mitochondrial dynamics, including fission, fusion, biogenesis, and mitophagy, is an area
of study that can reveal a great deal of information regarding the health and reparative processes
occurring in damaged cells. During I/R injury, fission is upregulated as it serves to divide
dysfunctional mitochondria into functional and non-functional daughter mitochondria in
preparation for mitophagy, the elimination of damaged mitochondria.103,104 Fission produces
numerous, smaller, and circular mitochondria. Conversely, fusion is the joining of mitochondria
to form larger and more elongated mitochondria. Fusion frequently occurs between neighboring
mitochondria causing an exchange of metabolites and mtDNA to compensate for respective
deficiencies. Because I/R injury is associated with mitochondrial dysfunction, studies have shown
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increases in fission following I/R injury in myocardial mitochondria populations, presumably in
preparation for increased mitophagy.103,104 Therefore, fission is implicated as a cardioprotective
mechanism to help eliminate damaged mitochondria and thus create space for the biogenesis of
new, functioning mitochondria. However, unregulated fission-induced mitophagy can also cause
excess cell death and thus induce functional damage to the heart.130 The role of fission and
mitophagy in cardioprotection is limited and controversial, and thus requires further investigation.
Here, we propose the novel approach of serial block-face scanning electron microscopy
(SBFSEM) to assess mitochondrial patterns of interaction using a model of ischemic injury in the
aged, E2-deficient female rat heart. The main benefit of SBFSEM is that it allows for rapid
collection of large numbers of mitochondrial images for volume assessment, as well as the ability
to render three-dimensional (3D) mitochondrial reconstructions. Thus, changes in mitochondrial
volume and ultrastructure after ischemic injury to provide insight into mitochondrial dynamics
processes can be evaluated using this approach. Elucidating alterations in fission, fusion, and
mitophagy after ischemic injury can be beneficial in understanding the role of mitochondrial
morphology in susceptibility to cell death following MI in aged, E2-deficient populations.
However, using SBFSEM to study cardiac mitochondria following I/R injury is novel, and thus its
feasibility needs to be evaluated.
Accordingly, the main purpose of this research was to determine the feasibility of SBFSEM
to study mitochondrial volume, shape, and density in rat heart after I/R injury. We hypothesized
that following optimization, this approach would enable effective assessment of mitochondrial
morphology and mitophagy in a rodent model of age-associated E2-deficiency. Effectiveness was
determined by the ability to obtain mitochondrial images with visible membranes, view
autophagosomes, create 3D reconstructions of mitochondria, and obtain mitochondrial volume and
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density measurements. A secondary purpose of this research was to determine the effects of
ischemic injury on mitochondrial morphology, mitochondrial volume and density, and the
presence of autophagosomes in a rodent model of age-associated E2-deficiency. We hypothesized
that age-associated E2-deficiency would delay or impair markers of mitophagy following ischemic
injury, resulting in reduced clearance of dysfunctional mitochondria in aged female rat heart.
Additionally, mitochondrial volume would decrease in the adult female rat heart after I/R injury,
but remain unchanged with aged E2-deficiency.

Methods
Animal Care
Female Fischer 344 rats were supplied by Charles River. Rats were housed on a 12 h light:
dark cycle, with food and water given ad libitum. All animal handling and utilization protocols
were reviewed and approved by the Penn State University Institutional Animal Care and Use
Committee. In order to effectively create a model of E2-deficiency with aging, a group of aged rats
underwent bilateral ovariectomy (OVX) at 15 mo; surgeries were performed by the supplier
(Charles River). Groups studied were adult (5-6 mo, n=3) and MO OVX (OVX at 15 mo and aged
to 22-24 mo; n=3).

Coronary Artery Ligation
Coronary artery ligation (CAL) was used to generate I/R injury. Rats were randomly
assigned to baseline, ischemia only, or I/R groups. The rats were anesthetized using an
intraperitoneal injection of ketamine (40 mg/kg body wt) and xylazine (12 mg/ kg body wt), with
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additional boosters of ketamine administered as needed. Depth of anesthesia was assessed by
corneal reflexes and the tail-pinch method. In order to sustain an internal temperature of 37ºC
throughout the surgery, rats were placed on a plastic board covering a heating pad that was
maintained at 40ºC. The incision site was then shaved and sterilized with 70% isopropanol and
betadine, and lidocaine was injected subcutaneously into the left lateral chest area. Lubricating
ointment was applied to the eyes, and rats were secured to the surgical table. Rats were then
intubated and ventilated on the Harvard Rodent Ventilator Model 638 (Holliston, MA, USA) at 60
breaths/ min room air with enhanced oxygen. Sterile drapes were applied to cover the rats, which
provided exposure limited to the abdomen, and sterile procedure was maintained throughout the
surgeries. A 1.5 cm incision was made in the left lateral third intercostal space to expose the heart,
and the pericardium was opened. The left anterior descending coronary artery was ligated 3 mm
from its origin using a 6.0 prolene suture. Both ends of the suture were fed through PE-90 tubing
and secured with a hemostat. Following the length of ligation, the hemostat was removed, releasing
the ligature, and the chest cavity was closed. For ischemia-only rats, the surgery concluded
following the ligation period of 55 min. However, rats in the I/R groups were monitored and
allowed to recover for 6 hr of reperfusion following 55 min of ischemia. Ventilation was continued
until the rats were able to breathe independently, at which point the respirator was removed. Rats
were allowed to recover on the heating pad, however, once sternal recumbence was gained and the
rats were moved to a cage. Temperature and pulse oximeter readings were performed every 20
minutes while the rats recovered. Rats were re-anesthetized with ketamine and xylazine prior to
the fixation perfusion. Baseline animals received no ligation, and were thus euthanized
immediately following the opening of the chest cavity.
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SBFSEM Tissue Preparation and Imaging
Following euthanasia, animals were perfusion fixed with a mixture of 2.5% glutaraldehyde,
2% paraformaldehyde, CaCl2 (2 mM), and cacodylate buffer (0.1 M, pH 7.4). Ischemic tissue was
dissected and segmented using a razor blade and incubated in fixative overnight at 4°C. Samples
were washed in cacodylate buffer (.1M, pH 7.4) and post-fixed in 1% tannic acid in cacodylate
buffer. The samples were placed in 2% osmium tetroxide containing 1.5% potassium ferrocyanide
in cacodylate buffer for one hour, followed by 20 min in 1% thiocarbohydrazide (TCH) solution
to give the tissue sample conductivity and thus minimize beam damage and charged artifacts.
Tissues were subsequently placed in 2% osmium tetroxide for 30 min, and then incubated in 1%
uranyl acetate overnight in order to enhance the contrast in images. Samples were placed in lead
aspartate solution, and then dehydrated through a series of graded alcohol washes to expel water
from the tissue. Tissues were added to increasing concentrations of Durcupan resin (EMS) and
acetone (25 Durcupan: 75 Acetone, 50:50, 75:25, 2 hr each) and left in 100% Durcupan resin
overnight. Fresh Durcupan resin was exchanged and tissues were left to harden in a 60°C oven for
48 hr in an embedding mold (Fig 5A). A piece of tissue was trimmed and mounted on a pin (Fig
5B) to be inserted into the Zeiss Sigma Serial Block-Face Scanning Electron Microscope with
Gatan 3View system and digital micrograph software (Fig 5C). The tissue block (21.3 μm x 21.3
μm) was mounted into the microscope where a microtome sectioned the sample every 70 nm. After
each section, the SBFSEM imaged the face of the tissue block (500 images/sample). The total
volume imaged per sample was 15,879.15 μm3. The resolution of the image stacks were improved
via the variable pressure mode feature on the microscope. Images were magnified at 10,000x and
the beam energy was set at 3 kV. Voxel size was set at .0071 μm x .0071 μm x .070 μm. Image
stacks were converted to the TIF format, exported, and uploaded into the Avizo 3D Analysis
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Software (FEI). Stacks of 100 images were cropped to a 10 μm x 10 μm x 7 μm region with
minimal to no prevalence of interfering structures, such as sarcoplasmic reticulum. Interfibrillar
mitochondria within this 700 μm3 region were reconstructed. The MO OVX I/R sample was
restricted to a region of 5.68 μm x 5.68 μm x 7 μm, with a total analyzed volume of 225.8 μm3,
due to the presence of perinuclear and subsarcolemmal mitochondria in the images. The presence
of autophagosomes was recorded, and quantitative measures of mitochondrial volume and density
were obtained for the adult baseline (n=71 mitochondria), adult ischemia (n=61 mitochondria),
adult I/R (n=108 mitochondria), MO OVX baseline (n=151 mitochondria), MO OVX ischemia
(n=142 mitochondria), and MO OVX I/R (n=39 mitochondria) groups.

Figure 5: Tissue Preparation and Imaging

Pieces of left ventricular rat heart in Durcupan resin (A). Tissue samples mounted
onto pins in preparation for imaging using the SBFSEM (B). The Zeiss Sigma Serial
Block-Face Scanning Electron Microscope with Gatan 3View system and digital
micrograph software (C).

47

Transmission Electron Microscope (TEM) Sample Preparation
Following sham or CAL surgery (31 min ischemia and 6 hr reperfusion), 1 mm x 1 mm
samples were taken from the ischemic area of the heart, and were immersed in fixative consisting
of 16% paraformaldehyde and 25% glutaraldehyde. Samples were then rinsed in .1 M cacodylate
buffer and post-fixed in 1% osmium tetroxide for 1 hr. This was followed by en Bloc staining with
2% uranyl acetate for 1 hr. The samples were dehydrated through a graded series of alcohol washes
before overnight incubation in 50:50 solution of Spurrs Resin and acetone. The next day, samples
were incubated in 100% Spurrs resin before being embedded in fresh Spurrs resin to polymerize
at 60°C overnight. The samples were trimmed and 70 nm thick sections of the samples were cut
using a Leica Ultracut UCT Microtome (Buffalo Grove, IL, USA) and placed on copper TEM
sample grids. The sections were double stained in uranyl acetate and lead citrate. Once dried,
samples were imaged with the JEOL 1200 EXII transmission electron microscope (Peabody, MA,
USA) with camera. ImageJ (NIH) software was used to analyze the mitochondrial images.

Western Blot Analysis
Western blot analysis followed well-established procedures in our laboratory.131 Samples
were obtained from adult and MO OVX animals following sham surgery or CAL. Sham surgery
included all elements of the CAL surgery without ligation. Mitochondrial subcellular protein
fractions were prepared as described previously.6 Equal amounts of total and mitochondrial protein
sample were electrophoresed on Criterion SDS-polyacrylamide gels (Bio-Rad) and transferred to
polyvinylidene difluoride membranes (Millipore). After transfer, membranes were incubated in
blocking buffer (6% nonfat milk) and probed with primary antibody (1:1000) against dynaminrelated protein 1 (Drp1; Biovision). Membranes were incubated with wash buffer with anti-rabbit
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IgG (GE Health) horseradish peroxidase-linked secondary antibody (1:20,000). Enhanced
chemiluminescence (GE Amersham) was used to visualize immunoreactive bands. Densitometry
analysis was performed using Scion Image (NIH).

Statistics
Mitochondrial volume and Drp1 data are presented as means ± SEM and analyzed using
SigmaStat. Data were compared using a two-way ANOVA. Significant interactions were analyzed
with a Tukey post-hoc test. An α level of p<.05 was defined as statistically significant.

Results
Mitochondrial Volume
A goal of this project was to assess the feasibility of SBFSEM to study cardiac
mitochondria in a model of CAL in the aged, E2-deficient female rat heart. Mitochondria from left
ventricular tissue were imaged in the absence of ischemia (baseline), and following 55 min of
ischemia with or without 6 hr of reperfusion in adult and MO OVX rats. The mean mitochondrial
volumes for adult vs. MO OVX rats in the baseline, ischemia, and I/R conditions is displayed in
Figure 6. Mitochondria were analyzed to create 3D reconstructions shown in Figure 7. Ischemia
only was associated with a 54% increase in mitochondria volume, while I/R injury resulted in a
53% decrease in adult rat heart. Alternatively, the mean mitochondrial volume was reduced by
13% in baseline compared to ischemia only in MO OVX, and was increased by an additional 12%
with I/R injury.
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Histograms presenting the distribution of mitochondrial volumes are displayed in Figure
8. More numerous and smaller mitochondria were observed in MO OVX at baseline versus adult.
Interestingly, 87% of adult and 100% of MO OVX mitochondria from baseline samples had
volumes less than 2.6 µm3. A larger range of mitochondrial size, as well as larger mitochondria,
were observed in adult vs MO OVX under conditions of ischemia only. In addition, 69% of adult
and 99% of mitochondria of MO OVX mitochondria from the ischemia only group had volumes
less than 2.6 µm3. In both the adult and MO OVX I/R groups, there was a tendency for smaller
mitochondria, with 96% of mitochondria in the adult and 95% of mitochondria in the MO OVX
I/R groups having volumes less than 2.6 µm3.

Figure 6: Mitochondrial Volume

Mitochondrial volume from non-ischemic (baseline), ischemia only (55 min),
and I/R (55 min/6 hr) tissue from adult and MO OVX (n=1/group) was
determined using the Avizo 3D Analysis Software. Data are expressed as
mean ± SEM. * Effect of age (p<0.001), † effect of treatment vs. baseline
(p<0.05), ‡ effect of treatment vs. ischemia (p<0.001).
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Figure 7: Three- dimensional Mitochondrial Reconstructions

Three-dimensional mitochondrial reconstructions from SBFSEM images as analyzed by Avizo 3D Analysis
Software from non-ischemic (baseline), ischemia only (55 min), and I/R (55 min/6 hr) tissue from adult and
MO OVX (n=1/group).
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Figure 8: Distributions of Mitochondrial Volume

The distributions of mitochondrial volume from adult baseline (A), MO OVX baseline
(B), adult ischemia (C), MO OVX ischemia (D), adult I/R injury (E), and MO OVX I/R
injury (F) were determined using the Avizo 3D Analysis Software.

Mitochondrial Density
Mitochondrial density is displayed in Figure 9. The MO OVX group consistently shows a
larger density compared to the adult group in the baseline, ischemia, and I/R conditions. At
baseline, mitochondrial density is 113% greater in MO OVX compared to adult. The most
pronounced density difference was observed in the ischemia only group, where values in the MO
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OVX were 133% greater vs adult. Mitochondrial density varies least between MO OVX and adult
animals with I/R injury, where the MO OVX animal has a 13% larger density than the adult.
Mitochondrial density increased by 53% and decreased by 19% in adult and MO OVX,
respectively with I/R compared to baseline.

Figure 9: Mitochondrial Density

Mean mitochondrial density from non-ischemic (baseline), ischemia only (55 min), and I/R (55
min/6 hr) tissue from adult and MO OVX (n=1/group) was determined using the Avizo 3D
Analysis Software.
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TEM Imaging
Figure 10 shows TEM images of mitochondria in adult and MO OVX animals following
sham surgery, ischemia only (31 min), or I/R (31 min I/6 hr R). Qualitative analysis of the images
taken via TEM reveals that adult sham appear to be larger and have a smaller density than the MO
OVX sham. Mitochondria in the adult rats undergoing 31 min of ischemia appeared larger than
those in the adult I/R. Mitochondria in the MO OVX ischemia group are visibly smaller than those
in the I/R group. At baseline, the MO OVX heart appears to have a greater density of mitochondria
than the adult sham heart.

Fission and Mitophagy
Figure 11 displays images obtained from SBFSEM. The white arrows identify the presence
of autophagosomes in the adult and MO OVX groups at baseline (non-ischemic), ischemia only
(55 min), and I/R (55 min I/6 hr R). Autophagosomal presence increases in the adult ischemia
group compared to the adult baseline. It also increases with I/R injury in adult and MO OVX
groups compared to baseline. The number of autophagosomes is also higher in the adult versus
MO OVX following I/R injury.

54

Figure 10: TEM Images

TEM images from sham, ischemia only (31 min), and I/R (31 min/6 hr) tissue from adult
and MO OVX (n=1/group) were analyzed for differences in mitochondrial size and
density.
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Figure 11: SEM Images

SEM images from non-ischemic (baseline), ischemia only (55 min), and I/R (55 min/6 hr) tissue
from adult and MO OVX (n=1/group) were analyzed for differences in mitophagy. White arrows
indicate autophagosome presence.
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Figure 12 shows results of a western blot analysis measuring Drp1 levels in adult and MO
OVX cardiac mitochondria after sham surgery and I/R (31 min I/ 6 hr R). Drp1 levels were
increased following I/R injury in adult and MO OVX, but there was a blunted increase in MO
OVX compared to adult.

Figure 12: Mitochondrial Drp1 Protein Levels

Protein levels of mitochondrial Drp1 in adult and MO OVX heart tissue following sham or
CAL (31 min I/6 hr R). Data are presented as a mean ± SEM (n=3-5/ group); * p<0.05
effect of age within I/R status; † p<0.05 effect of I/R within age status.
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Discussion
The main purpose of this study was to determine the feasibility of utilizing SBFSEM to
study cardiac mitochondria in a model of CAL in aged, E2-deficient female rat heart. Our
determination is that SBFSEM provides an effective means of obtaining data for this model, as
assessed by the ability to obtain images of mitochondria with clear membranes and cristae, view
autophagosomes, create 3D reconstructions of mitochondria, and obtain mitochondrial volume and
density data. A secondary purpose of this investigation was to determine the effects of I/R injury
on mitochondrial morphology and mitophagy in the aged, E2-deficient female rat heart. Our results
show that mitochondrial volume does not change with ischemia or I/R injury in MO OVX animals,
while mitochondrial volume increases during ischemia and decreases after I/R injury in adult
animals. In addition, mitochondrial density increased by 52.5% after I/R injury in adult hearts, but
decreased by 19% in MO OVX hearts. Also, it was determined that markers of mitophagy were
attenuated in MO OVX hearts vs adult after I/R injury.
Because SBFSEM has not been previously utilized as a tool to study cardiac mitochondria
in the aged, E2-deficient female rat heart, it was necessary to first determine feasibility of approach.
In order to make this determination, adult and MO OVX rat hearts at baseline, after ischemia only,
and following I/R injury were studied. Successful tissue preparation resulted in images of
mitochondria showing membranes and cristae, indicating that mitochondrial ultrastructure could
be effectively evaluated. Also, autophagosomes were visible in the images, 3D reconstructions of
mitochondria were constructed, and mitochondrial volume and density were successfully
determined. However, some technical difficulties led to certain limitations of this approach. For
example, repeated imaging was needed for samples in which image drift was large, image quality
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was poor, and heart structures such as sarcoplasmic reticulum or nuclei blocked the majority of
the images taken, thus leaving a small number of interfibrillar mitochondria to study. It also took
an average of 30 hours for tissue preparation, 10 hours for imaging, and 38 hours to analyze each
sample, for a total of 78 hours per study. The large quantity of time needed per sample limited the
number of samples herein. In addition, it is noteworthy that large quantities of cloud storage were
needed to successfully create 3D reconstructions of cardiac mitochondria. Each TIF picture file
was 28 MB and each 3D reconstruction file was approximately 17 KB. Therefore, for one animal
downloading a stack of 500 images and saving the reconstructed mitochondria would take
approximately 14 GB of memory. Obtaining adequate storage capacity for images and the files
containing the 3D reconstructions needed to be secured for proper data acquisition throughout the
troubleshooting process. Nevertheless, SBFSEM was determined as an effective method for
quantitative and qualitative assessment of cardiac mitochondrial morphology in the aged, E2deficient female rat heart following ischemic injury.
An analysis of mitochondrial volume and density was useful to elucidate the possible
mechanisms occurring after ischemia and I/R injury. Adult mitochondria swell after ischemic
injury compared to baseline, following the well-documented pattern seen in male rat heart.55–57,62–
64,66,67,69

Ischemia-induced increases in volume imply mitochondrial swelling with ischemic injury.

Mitochondrial swelling after ischemia is indicative of MPTP opening, which can lead to
mitochondrial rupture and the release of cytoxic substances into the cytoplasm. However, the MO
OVX rat heart does not show swelling following ischemic injury compared to baseline. There was
a small decrease in mitochondrial volume in the MO OVX group that underwent ischemic injury,
and this trend was consistent with mitochondrial area data obtained from TEM analysis. This infers
that MPTP functioning may be disturbed in aged, E2-deficient rat heart.
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Changes in mitochondrial volume and density after I/R support the possibility of fissionmediated mitophagy. Fission-mediated mitophagy is the process in which damaged mitochondria
are signaled to induce fission, and then the dysfunctional daughter mitochondria is degraded via
mitophagy mechanisms.103,104 A characteristic of fission is the production of small mitochondria
and a concurrent increase in mitochondrial density. In the adult heart there was an increased
presence of smaller mitochondria and an increased mitochondrial density after I/R injury compared
to baseline and ischemic injury groups. This pattern is consistent with our hypothesis indicating
that after I/R injury, mitochondria in adult female rat have a decrease in mitochondrial volume.
Numerous small mitochondria and increased mitochondrial density combined with the increased
presence of autophagosomes suggests that fission-mediated mitophagy is upregulated in adults
after I/R injury.
In the MO OVX heart, mean mitochondrial volume was unchanged between baseline,
ischemia only, and I/R injury. In addition, mitochondrial density remained constant in MO OVX
hearts following I/R injury. The lack of change in mitochondrial volume and density combined
with the limited number of autophagosomes implies that fission-mediated mitophagy may be
dysfunctional or its time course differs in aged, E2- deficient rat heart compared to adult. These
findings support our hypotheses that mitochondrial size would remain the same and mitophagy
would be impaired following I/R injury compared to baseline in the aged, E2-deficient female rat
heart.
In order to further elucidate the effects of age-associated E2 deficiency on fission-induced
mitophagy, we studied the presence of autophagosomes and the levels of Drp1, a protein associated
with activated fission, following I/R injury. Drp1 is a protein that translocates to the mitochondria
and mediates mitochondrial fission by inducing GTP hydrolysis to constrict and divide
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mitochondria.83 Therefore, analysis of Drp1 protein levels was an approach used to identify fission
levels in adult and MO OVX hearts following I/R injury. It was determined that Drp1 levels
increased in both adult and MO OVX hearts following I/R injury compared to animals undergoing
sham surgery. However, MO OVX showed a blunted increase in Drp1 after I/R injury compared
to adult. These results indicate that Drp1-mediated fission may be diminished in aged, E2- deficient
rat heart compared to adult possibly impairing subsequent mitophagy. Therefore, studying the
presence of autophagosomes was needed to determine if mitophagy was defective in the aged, E2deficient rat heart.
Mitophagy is identified by the presence of autophagosomes surrounding mitochondria in
electron microscope images. Images obtained via SBFSEM showed autophagosomes present in
low levels in the adult heart that underwent ischemic injury. Autophagosomal presence was
increased in the adult group undergoing I/R injury. However, no detectable autophagosomes were
seen in the MO OVX heart that underwent ischemic injury, and low quantities of autophagosomes
were present in the MO OVX following I/R injury. These results further support our hypothesis
that mitophagy was impaired in the aged, E2- deficient heart, but was properly functioning in the
adult heart.
Studies on male animals have showed that mitophagy is impaired in the aged heart, as
indicated by the decreased presence of autophagosomes or autophagy markers following I/R
injury.15,99,101 However, that mitophagy is impaired or has a different time course in the aged, E2deficient female rat heart compared to adult following I/R injury is novel. According to previously
published findings, Drp1-induced fission is augmented after 30 min of ischemia with 90 min, 150
min, and 3 hr of reperfusion. A study by Disatnik et al. using male Wistar rats showed that there
was a 2.2 fold increase in the quantity of mitochondrial Drp1 following 30 min of ischemia and
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90 min of reperfusion in the heart. It was also reported that following I/R injury, mitochondria
showed a 38% decrease in mitochondrial size.65 A similar study showed increased Drp1 levels in
male C57BL/6J mice with high fat diets following I/R injury (30 min of ischemia and 3 hr of
reperfusion), with a concurrent increase in the density of mitochondria and increase in the number
of small mitochondria after the I/R injury.72 Yet another study employing Sprague- Dawley rat
heart found a similar result after 30 min of ischemia and 150 min of reperfusion.68 Here, Drp1
levels are increased after 31 min of ischemia and 6 hr of reperfusion, which to the best of our
knowledge is a time point not studied in the past in either male or female rodents.
The induction of fission by Drp1 is a key step in prompting mitophagy in the heart
following I/R injury. Disatnik et al. investigated the effects of fission-induced mitophagy in the
hearts of male Wistar rats, and determined that functioning fission is a necessary precursor for
autophagy. The study found that levels of LC3-II, an autophagy marker, increased five-fold in
hearts with functioning fission mechanisms following 30 min of ischemia and 90 min of
reperfusion. However, inhibiting Drp1 at the onset of reperfusion attenuated autophagy markers
by approximately 50%.65 Hence, it is evident that I/R injury prompts fission-induced mitophagy
in the heart. Our data supports that Drp1-mediated fission may support mitophagy in the adult
heart after I/R injury, whereas an attenuation of Drp-1 upregulation following I/R in the aged, E2-deficient heart may inhibit or delay fission-mediated mitophagy resulting in dysfunctional
mitochondria following I/R injury.
In conclusion, the study herein shows that SBFSEM is an effective method to study cardiac
mitochondrial volume and ultrastructure in adult and aged, E2- deficient hearts following ischemic
injury. A major finding also included that fission-induced mitophagy after I/R injury is impaired
or has a different time course in aged, E2- deficient heart compared to adult. Collectively, we report
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novel findings in the adult and aged female rat heart which lay the foundation for future studies
directed at unraveling the cell death mechanisms underlying cardiac cell death in the aged females.

Limitations
1. Small sample size: only one rat was studied per group due to time limitations in data
acquisition and analysis, so the power of our data is relatively low. However, our results
reinforce prior observations using a TEM approach, thus validating our previous findings
and extending the reach of our conclusions regarding the effect of age-associated E2deficiency on cardiac mitochondria.
2. Only one time point for ischemic duration was assessed. Therefore, results herein are
delimited to discrete experimental conditions.
3. Rat heart could not be stained with Evan’s blue dye, which allows for the identification of
areas affected by I/R injury because the dye interferes with perfusion fixation for SBFSEM
tissue preparation. Although the area at risk was not marked with the dye, the ischemic
area was estimated by proximity to the ligature. Therefore, though unlikely, the tissue
studied could have been outside of the area at risk.
4. Data acquisition for analysis had two limiting factors: 1) the presence of unwanted
structures (e.g. sarcoplasmic reticulum and nuclei) in place of mitochondria decreased the
number of mitochondria per image for analysis, and 2) large computer storage capacity for
the TIF files and 3D reconstructions prohibited the downloading and analysis of all images
obtained from SBFSEM.
5. Mitophagy and mitochondrial quality control are dynamic processes and difficult to assess
comprehensively using static imaging such as SBFSEM and western blotting.
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Future Directions
1. Varying the duration of ischemia and reperfusion could provide additional information
regarding the time course of fission-induced mitophagy in female rat heart.
2. Increasing the number of rats studied in the adult and aged, E2- deficient groups could
provide further support of results observed herein.
3. Mitophagic flux should be measured using the fluorescent reporter mitochondrial Keima,

which uses pH changes in cells to assess more dynamic measures of mitophagy.
4. Determining the mitophagy pathway targeting autophagosomes to damaged mitochondria
after I/R injury in aged, E2-deficient female rat heart should be investigated. Levels of
PINK1/Parkin, BNIP3/NIX, and FUNDC1, which are proteins associated with three
different mitophagy pathways, can be measured using western blotting.
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heart tissue
Serve as the primary assistant to coronary artery ligation surgery
Perform post-surgical rat dissections
Perform literature reviews to solidify surgical and physiological information related
to my honors thesis
Perform routine health assessments of rats (rodent handling)

Prevention Research for Optimizing Health Laboratory
Position: Research Assistant
Prevention Research Center, State College, PA; 2014-2015
-

Assisted in survey programming, data management, entry and checking, and literary
review
Assisted with tasks related to skin cancer prevention and alcohol consumption studies
Created poster presentation depicting the research on skin cancer prevention to be
displayed at the Undergraduate Research Exhibition

Grants Received:
Fellowship from the American Heart Association
Grant #16UFEL27930008
May 2016
Presentations:
Title: Novel 3- Dimensional Electron Microscopic Analysis of
Mitochondrial Morphology in Aged and Ischemic Female Rat Heart
Undergraduate Research Exhibition, Penn State University
State College, PA; August 2016
Title: How melanoma knowledge longitudinally impacts confidence and
frequency of self-skin exams
Undergraduate Research Exhibition, Penn State University
State College, PA; April 2015

Community Service Involvement:
Mt. Nittany Medical Center Emergency Department Volunteer
State College, PA; Jan 2015- Dec 2016
-

Service: 150 Hours
Train future volunteers
Transport patients to specialty services
Act as a point of contact between patients, their family members, and the medical
staff
Support patients in movement between beds and wheel chairs

Carlisle Regional Medical Center Emergency Department Volunteer
Carlisle, PA; May- Aug 2015
-

Service: 86 Hours
Transport patients to necessary services
Answer patient call bells
Relay questions and concerns between the patients, their families, and the medical
staff
Help patients with eating, dressing, and mobility as needed

International Education:
Global Environment Brigades
Panama; March 2014; Volunteer
-

Traveled to Panama to teach educational workshops and build a greenhouse for an
indigenous community
Taught members of rural communities in Panama how to reverse and prevent
degradation of the environment

Activities:
Ballroom Dance Club
Penn State University; 2014-2017
-

Learn the dance techniques in various ballroom and Latin dance styles
Apply the learned dances in real-life dance settings

