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ABSTRACT
Women after menopause are more prone to myocardial infarctions (MI) compared to
males, and postmenopausal women have a twofold increased risk for cardiovascular disease
compared to premenopausal women. This suggests a potential cardioprotective role for estrogen
(E2) in women. However, research regarding hormone replacement therapy in older women has
been inconclusive concerning its efficacy. Three types of cell death are seen following MI:
necrosis, apoptosis and autophagy. However, the role each plays in ischemia/reperfusion (I/R)
injury following MI is unknown. This knowledge is critical to the development of new treatments
and therapies to counteract the effects of E2-deficiency in aged females. Purpose: This study
focuses on quantifying and characterizing the different forms of cell death following MI with ageassociated E2-deficiency in Fischer 344 female rats. A secondary goal was the optimization of the
triphenyltetrazolium chloride (TTC) staining protocol to accurately assess necrotic cell death
using an in vivo model of ischemia. Methods: In vivo coronary artery ligation (CAL; 55 min I, 2
to 6 hrs R) was used to generate MI in three groups of female rats: aged ovary-intact (23-24 mo,
n=8), aged ovariectomized (OVX; 23-24 mo, n=8) and adult ovary-intact (6-7 mo, n=8).
Subsequent tissue analysis was performed for each type of cell death. Area at risk was assessed
using Evan’s Blue dye (1%), necrotic cell death using 1% TTC staining, apoptotic cell death
using DNA laddering and terminal deoxynucleotidyl transferase dUTP nick end labeling, and
autophagy was assessed through western blot analysis using the protein markers LC3I:LC3II,
cathepsin D, Beclin-1 and Atg5. Results: An optimized TTC protocol was generated and includes
the perfusion of 1% Evan’s Blue dye (200-300 µl) followed by ten minutes of TTC staining at
37oC. Following I/R, necrosis increased with age, apoptosis decreased with age and OVX, and
autophagy increased with age. Conclusion: These results suggest that necrosis and autophagy
play a larger role in cell death following I/R with age-associated E2-deficiency.
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Chapter 1
Introduction

Heart disease is the leading cause of death in the United States (Roger, Go et al.
2011). Coronary heart disease (CHD) specifically contributed to one out of every six
deaths that occurred within the US in 2007 (Roger, Go et al. 2011). A type of CHD,
myocardial infarction (MI), is especially detrimental to aged women. Following a first
MI, women age 45 or older are more likely to die then men within the first year (Roger,
Go et al. 2011). Furthermore, a twofold increased risk for cardiovascular disease is seen
in postmenopausal compared to premenopausal women (Kannel, Hjortland et al. 1976).
These findings suggest a potential role of estrogen (E2) in mediating this
cardioprotection. However, current treatments for CHD, such as E2 replacement
therapies, are insufficient. Hormone replacement therapies (HRT) used in the primary
and secondary prevention of CHD have contradicting results suggesting a necessity for
the development of improved therapies and treatments.
To develop new therapies and treatments for MI, knowledge concerning the
mechanisms

which

underlie

cell

death

and

ischemic

injury

is

necessary.

Ischemia/reperfusion (I/R) injury associated with MI (i.e. acute coronary syndrome)
involves three types of cell death: necrosis, apoptosis and autophagy. Necrotic cell death
has been found to contribute to an increased I/R injury with age in males and females
(Hunter, Kostyak et al. 2007; Lancaster, Jefferson et al. In Review), as well as in the male
gender compared with the female gender (Song, Li et al. 2003; Bae and Zhang 2005;
Bouma, Noma et al. 2010). Apoptotic cell death has also been shown to increase
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following I/R injury in aged vs. adult males (Azhar, Gao et al. 1999) and in males vs.
females (Bouma, Noma et al. 2010). While an increase in autophagy has been found with
I/R injury (Matsui, Takagi et al. 2007; Dong, Undyala et al. 2010), the effects of
autophagy on I/R injury within the context of increasing age and female gender have not
been well characterized. It is also unknown whether autophagy plays a protective or
detrimental role in I/R injury, and there is evidence to suggest that autophagy might serve
both protective and pathological roles in the heart simultaneously (Matsui, Takagi et al.
2007). Despite a considerable amount of research demonstrating a role for each type of
cell death in the myocardium following an MI, studies have yet to quantify the relative
contribution of necrosis, apoptosis and autophagy to I/R injury under conditions of ageassociated E2-deficiency.

Statement of the problem
Available treatment strategies for post-menopausal women suffering from acute
coronary syndrome do not meet the needs of the current population. Clinical outcomes
for HRT are contradictory and insufficient research is available to support its efficacy in
the treatment of acute coronary syndrome. While the Nurse’s Health study showed a
decreased risk of coronary events associated with long-term HRT use (Grodstein,
Manson et al. 2001), the Women’s Health Initiative, the most definitive study to date,
found that HRT in healthy women increased CHD risk (Rossouw, Anderson et al. 2002;
Manson, Hsia et al. 2003). Thus, more research into this area is needed to determine the
exact mechanisms associated with I/R injury in the aged, E 2-deficient heart so that more
effective treatments can be developed.

3

There are three types of cell death which play a role in the damage seen in the
heart following MI. However, the role and contribution of each to the overall magnitude
of I/R injury in the aged female heart are unknown. The research described herein
focuses on characterizing the relative contributions of necrosis, apoptosis, and autophagy
to the magnitude of cell death seen following an MI in aged females. Evidence-based
medical treatments and therapies have helped to drastically reduce deaths due to CHD
with ≈47% of the reduction in deaths in the US from 1980 to 2000 being attributed to
their increased use (Roger, Go et al. 2011). This finding emphasizes the necessity of
further research into the field of I/R injury to enable the continued development of these
treatments

and

therapies

particularly

for

aged,

postmenopausal

women.
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Specific Aims and Hypotheses
Specific Aim #1: To optimize methodologies to assess necrosis in an in vivo model of
coronary artery ligation in the aged female rat heart.
Methodological conditions for assessing necrosis in an in vivo model of coronary artery
ligation (CAL) in the aged female rat heart have not been investigated. Aged (23-24 mo)
ovariectomized (OVX), aged ovary-intact and adult (6-7 mo) ovary-intact female rats will
undergo CAL to generate MI. Triphenyltetrazolium chloride (TTC) staining optimization
will include testing the ability to delineate area at risk (AAR) from not-at-risk
myocardium through variations in stain concentrations, incubation times, solution
compositions, and perfusion pressures.
Hypothesis 1: Following optimization, TTC staining is a viable approach to assess
cell death using an in vivo model of CAL in aged female rats.
Specific Aim #2: To compare the relative amount of necrotic, apoptotic and autophagic
cell death following I/R injury with age and E2-deficiency.
Ischemic tolerance decreases with advancing age and post-menopausal women are more
likely to suffer increased damage from MI than age-matched men. Different types of cell
death contribute to the damage seen in I/R injury but it has yet to be established or
quantified how big of a role each plays in the overall damage. Aged (23-24 mo) OVX,
aged ovary-intact and adult (6-7 mo) ovary-intact female rats will undergo I/R to quantify
and characterize the cell death that occurs. CAL surgery will be used to generate an in
vivo MI. Necrotic cell death will be analyzed through TTC staining, apoptotic cell death
through DNA laddering and terminal deoxynucleotidyl transferase dUTP nick end
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labeling (TUNEL) staining, and autophagic cell death through western blotting to assess
autophagic markers LC3I:LC3II, Beclin-1, Atg5 and Cathepsin D.
Hypothesis 2: I/R injury will be associated with a greater amount of necrosis vs.
apoptosis and autophagy in all experimental groups.
Hypothesis 3: Age-associated E2-deficiency will be associated with greater amounts
of necrosis, apoptosis and autophagy following I/R injury compared to aged and
adult groups, respectively.
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Chapter 2
Review of Literature

Coronary Heart Disease
Heart disease is the leading cause of death in the United States (Roger, Go et al.
2011). In 2007, cardiovascular events were responsible for one out of every three deaths,
with atherosclerosis contributing to one out of every six deaths (Roger, Go et al. 2011). It
has also been estimated that a coronary event will occur every 25 seconds, resulting in
one death per minute (Roger, Go et al. 2011). While the prevalence of cardiovascular
disease (CVD) and coronary heart disease (CHD) is higher in men than women (Roger,
Go et al. 2011), it is still the major contributor to female mortality. Heart disease was the
number one killer of older men and women in 2007 (Roger, Go et al. 2011).
One component of CHD is myocardial infarction (MI), whereby blood flow is cut
off to a portion of the heart and is synonymous with a heart attack. The consequences of
MI include severe negative impact on overall cardiac contractile function and significant
morbidity and mortality. Statistics show that every 34 seconds an American will suffer
from an MI (Roger, Go et al. 2011). With age the incidence of MI increases in both men
and women (Roger, Go et al. 2011). Despite the increased prevalence of MI in men vs.
women (until menopause), following a first MI, women age 45 or older are more likely to
die than men (26% of women compared to 19% of men) within that first year (Roger, Go
et al. 2011). The median number of years a woman will survive following her first MI is
13.3 years for women aged 55 to 64 years, 8.8 years for women aged 65 to 74 years and
3.2 years for women aged 75 years or older (Roger, Go et al. 2011). Collectively, survival
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times are less than those estimated for males suggesting a greater risk of injury from MI
for postmenopausal woman compared to age-matched men.
One potential mechanism underlying the increased risk of and prevalence of MI in
aged females is the estrogen (E2) deficiency associated with menopause. This suggests
that specific cardioprotective mechanisms are lost with the corresponding loss of E2
following menopause. The Framingham study supports this by showing that with
menopause the incidence of CVD and CHD increases compared to premenopausal, agematched women (Kannel, Hjortland et al. 1976). In addition, a twofold increased risk for
cardiovascular disease can be found in postmenopausal compared to premenopausal
women (Kannel, Hjortland et al. 1976). Age is also a contributor to the damage seen with
MI, with a decreased ischemic tolerance found in older individuals (Juhaszova, Rabuel et
al. 2005).
The lack of knowledge concerning the mechanisms which mediate I/R injury with
age and E2-deficiency indicates a critical need for research in this area. The National
Center for Health Statistics (NCHS) reports a seven year increase in life expectancy with
the elimination of all major types of cardiovascular disease (Roger, Go et al. 2011).
Correspondingly a National Heart, Lung, and Blood Institute (NHLBI) tabulation of
NCHS data suggests that 16.6 years are lost on average due to MI (Roger, Go et al.
2011). Elucidating these mechanisms is the first step in being able to treat and prevent
cardiovascular events.
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Hormone Replacement Therapy
Current treatments and therapies used against CHD in aged, E2-deficient women
are ineffective. One common treatment used to combat the loss of E2 following
menopause and thus the corresponding loss of cardioprotection is hormone replacement
therapies (HRT) (composed of both E2 and progestin (Mosca, Collins et al. 2001)).
Controversy exists concerning the effectiveness of HRT as a protective agent against
CHD and numerous studies have determined no protective benefit of HRT against CHD.
As such, a recent advisory from the American Heart Association warns that HRT is
ineffective in the prevention of CHD (Mosca, Collins et al. 2001). These results suggest
that therapies other than HRT are needed to treat CHD in aged females.
The Heart and Estrogen/progestin Replacement Study (HERS) is a randomized,
double-blind clinical trial that also tested the efficacy of HRT (Hulley, Grady et al. 1998).
Subjects included postmenopausal women who had coronary disease and were no older
than 80 with an average age of 66.7 years (Hulley, Grady et al. 1998). Women in the
HRT group received a tablet composed of conjugated equine E2 (0.625mg) and
medroxyprogesterone acetate (2.5mg) daily and were compared with a placebo group
(Hulley, Grady et al. 1998). Results from this study showed that there were no statistical
differences in the occurrence of primary CHD events or risk for these events between the
hormone treatment and placebo group (Hulley, Grady et al. 1998). However, the initial
risk for these events was much higher in the hormone group compared to the placebo
group during the first year of treatment (Hulley, Grady et al. 1998). This study concluded
that the overall risk of cardiovascular events, including nonfatal MI and death due to
CHD, was not decreased through HRT and that there was an initial increase in risk during
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the first year of HRT with a corresponding reduction in that risk in the following years
(Hulley, Grady et al. 1998). Based on the HERS trial hormone therapy is not an effective
treatment and should not be used to prevent secondary CHD events (Hulley, Grady et al.
1998). This study spurred further research into the impact of HRT on the secondary
prevention of coronary events one of which was the Nurse’s Health Study.
The Nurse’s Health Study is an observational study that looked at the secondary
prevention of coronary events in 2489 postmenopausal women (Grodstein, Manson et al.
2001). The women included in the study had either established atherosclerosis or had
suffered from a MI (Grodstein, Manson et al. 2001). The hormone therapy used in this
study included a variety of different HRTs and analyzed hormone use in two different
ways: one analysis ignored previous hormone use and only considered hormone use since
the coronary event, mimicking as best as possible the protocol used in the HERS study,
while the other analysis took into account previous hormone use (Grodstein, Manson et
al. 2001). The major finding of this study was that short-term hormone use was linked
with an increased risk for a second coronary event whereas long-term hormone use
appeared to decrease this risk compared to women not taking hormone therapy
(Grodstein, Manson et al. 2001). The study concluded that beginning hormone therapy to
prevent reoccurring coronary events is not effective but that long-term hormone therapy
could be beneficial (Grodstein, Manson et al. 2001).
The Women’s Health Initiative (WHI) looked at postmenopausal woman and
characterized the risks and benefits of strategies for reducing the prevalence of heart
disease, breast and colorectal cancer, and fractures (Rossouw, Anderson et al. 2002). One
of the therapies of the study included a trial of E2 plus progestin in postmenopausal
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women with their uterus intact to see the effects on CHD (Rossouw, Anderson et al.
2002; Manson, Hsia et al. 2003). Participants were given one tablet daily containing
conjugated equine E2 (0.625mg) and medroxyprogesterone acetate, also known as
progestin, (2.5mg) (Rossouw, Anderson et al. 2002; Manson, Hsia et al. 2003). The
original study was set to last 8.5 years (Manson, Hsia et al. 2003) but had to be
preemptively terminated after 5.2 years due to the health risks associated with the
treatment outweighing the perceived benefits (Rossouw, Anderson et al. 2002). Results
showed a 29% increase in CHD events and a 22% increase in total CVD in women in the
E2 plus progestin group compared to the placebo group suggesting a potential CHD
health risk associated with this given dosage and route of administration of HRT
(Rossouw, Anderson et al. 2002). The risk of coronary events was found to be slightly
elevated in the treatment group, with a small increase seen predominantly in the risk for
MI (Manson, Hsia et al. 2003). It was concluded that HRT was more harmful than
beneficial as seen by the statement
“Over 1 year, 10,000 women taking estrogen plus progestin compared
with placebo might experience 7 more CHD events, 8 more strokes, 8
more PEs [pulmonary embolisms], 8 more invasive breast cancers, 6
fewer colorectal cancers, and 5 fewer hip fractures” (Rossouw,
Anderson et al. 2002).

The conclusion of this study was that a treatment of E2 plus progestin in postmenopausal,
healthy women with intact uteri does not provide cardioprotection or the ability to
prevent CHD and could actually increase CHD risk (Rossouw, Anderson et al. 2002;
Manson, Hsia et al. 2003).

11

Another ongoing study looking at the efficacy of HRT in the reduction of heart
disease in postmenopausal woman is the Kronos Early Estrogen Prevention Study
(KEEPS). The primary aim of this study is to look at whether or not HRT given at the
onset of menopause or right after the onset of menopause will help stop or prevent
atherosclerotic progression in females (Harman, Brinton et al. 2005). This study focuses
on the effects of timing on the administration of HRT in women following menopause
(Harman, Brinton et al. 2005). The hypothesis is that giving HRT at the menopausal
transition will postpone the initiation of CHD (Harman, Brinton et al. 2005). In this five
year clinical trial, women are being given either daily doses of oral conjugated equine E2
(0.45mg) with progesterone (200mg) for 12 days each month or daily transdermal
estradiol (50ug) with progesterone (200mg) for 12 days each month (Harman, Brinton et
al. 2005). The results of this study have yet to be published. Thus, the search for
alternative therapies to diminish the risk of developing CHD in postmenopausal women
remains a high priority.
Collectively, evidence suggests that the overall validity of HRT in the treatment
of both healthy women and women diagnosed with coronary disease is lacking. Based on
the knowledge that postmenopausal women suffer more damage from an MI and are less
likely to survive their first MI, it is evident that further research into potential treatments
and therapies is necessary. These studies even go so far as to suggest that the use of
hormone therapy might increase the risk of coronary events including MI. Emphasis must
be put on this area of research to come up with better treatments and therapies to treat
CHD in postmenopausal women.
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Acute Coronary Syndrome
A major CHD event that impacts postmenopausal women is acute coronary
syndrome (ACS), which is likely to lead to MI. ACS is defined as individuals who either
suffer from unstable angina, defined as accelerating chest pain potentially at rest that does
not cause myocardial necrosis, or acute MI (Roger, Go et al. 2011). Treatment depends
on the symptoms at initial evaluation and the classification of the patient into the STEMI
(ST-segment-elevation MI), NSTEMI (non-ST-segment elevation MI) or UA (unstable
angina) groups (Roger, Go et al. 2011). Various factors such as age and E2-deficiency
likely play a role in the development of ACS and MI, and as such I/R injury, which is the
focus of the current study.

Aging, Gender and the Heart
With increasing age the heart and the overall function of the cardiovascular
system changes. These changes can alter the ability of the heart to handle and recover
from certain stresses. The diastolic function of the left ventricle (LV) is altered with
aging including a decrease in the speed with which the heart can relax and a longer
contraction period (Ferrari, Radaelli et al. 2003). These changes could be associated with
the increased likelihood for older individuals to suffer from diastolic heart failure
(Ferrari, Radaelli et al. 2003). Another change common in aged individuals is an increase
in the thickness of the arterial wall of blood vessels (Lakatta and Sollott 2002; Ferrari,
Radaelli et al. 2003; Juhaszova, Rabuel et al. 2005), as well as an increase in their
stiffness (Lakatta and Sollott 2002; Ferrari, Radaelli et al. 2003). Aged individuals could
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also suffer from increased systolic blood pressure which has the potential to damage both
the coronary and peripheral vasculature (Ferrari, Radaelli et al. 2003; Juhaszova, Rabuel
et al. 2005). These changes can lead to an increased risk for the occlusion of arteries and
corresponding cardiovascular events such as MI. Another effect of aging is an increase in
the amount of cardiac collagen (Anversa, Palackal et al. 1990; Willems, Zatta et al.
2005).
Advancing age is also associated with cardiomyocyte hypertrophy and a decrease
in cardiomyocyte number (Anversa, Palackal et al. 1990; Lakatta and Sollott 2002;
Ferrari, Radaelli et al. 2003; Juhaszova, Rabuel et al. 2005). Specific findings from a
study comparing men and women saw that myocyte size increased with age in men with
no change in female hearts (Olivetti, Giordano et al. 1995). This is supported by the
finding of increased myocyte diameter in senescent male compared to female Fischer 344
rats (Forman, Cittadini et al. 1997). Cardiomyocyte number was also found to be variably
affected by gender with the results indicating that, with age, the number of myocytes in
the heart decreases by 64 million myocytes per year in men and does not change in
women (Olivetti, Giordano et al. 1995). A study using male rats suggests that the
decrease in cardiomyocyte number could be associated with increased cell death with
aging and that necrosis is responsible for a larger amount of the cell death than apoptosis
(Kajstura, Cheng et al. 1996). The decrease in myocyte number with age increases the
likelihood of damaging a greater proportion of the cells present in the myocardium
following MI. Consequently, the likelihood of surviving an acute MI is associated with
the magnitude of MI and/or number of cardiomyocytes affected by the event (Miller,
Christian et al. 1995).
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Mitochondrial function is also reduced with advancing age, decreasing the
threshold for induction of the mitochondrial permeability transition (MPT) (Juhaszova,
Rabuel et al. 2005). Juhaszova et al. suggests that aging can cause mitochondria to have
increased sensitivity and a decreased ability to deal with stresses as well as a potential
impairment in their ability to act in a cardioprotective manner (Juhaszova, Rabuel et al.
2005). The production of reactive oxygen species (ROS) in aged mitochondria also
increases and contributes to mitochondrial dysfunction (Juhaszova, Rabuel et al. 2005).
With mitochondrial damage, there is a consequent decrease in the ability to produce
energy and thus impairment of contractile function quickly ensues. Overall, there is a
greater potential for damage and loss of cardiomyocytes with aging (Juhaszova, Rabuel et
al. 2005).
Mitochondrial dysfunction is likely a major cause of the increased incidence of
MI observed with advancing age. Specifically, with age, the heart is more likely to be
damaged by an ischemic event (Juhaszova, Rabuel et al. 2005). For instance, atria
isolated from aged myocardium are more susceptible to damage from simulated ischemia
compared to adult (Mariani, Ou et al. 2000). Other findings in this area include
significantly lower levels of cardiac contractile dysfunction in both adult male and female
mice compared to aged mice following I/R injury (Willems, Zatta et al. 2005). Ischemic
intolerance of male and female mouse hearts subjected to I/R, based on “changes in
recovery of ventricular developed pressure”, was also found to be increased with age
(Willems, Zatta et al. 2005). Interestingly in this same study, ischemic intolerance
measured by lactate dehydrogenase (LDH) efflux rose up to 12 months (mo) of age in
males and 18 mo of age in females, which reverted to levels found in young adult hearts
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thereafter (Willems, Zatta et al. 2005). Lesnefsky et al. found that in aged vs. adult male
Fischer 344 rats following I/R injury, aged hearts had decreased recovery of developed
pressure, and an increase in the release of creatine kinase and LDH (Lesnefsky, Gallo et
al. 1994). This study also found an increase in necrosis (Lesnefsky, Gallo et al. 1994).
Collectively, these findings support the idea that intolerance to ischemic events is
impaired by the aging process and causes a variety of changes in the ability of the heart to
handle this stress.
Changes in protein levels associated with cell death pathways have also been
implicated in the decreased ischemic intolerance with aging. Activated Akt is thought to
confer cardioprotection by inactivating proteins that promote apoptosis such as GSK3β
and Bad (Juhaszova, Zorov et al. 2004; Murriel, Churchill et al. 2004). Following I/R
injury, the amount of activated Akt was less in aged vs. adult female rats (Hunter,
Kostyak et al. 2007). This same study found that aged rats compared to adult rats have
less inactivation of GSK3β. (Hunter, Kostyak et al. 2007). Other proteins shown to be
involved with I/R injury in aged hearts as well as gender differences in I/R injury will be
discussed later in this review.
Another factor thought to impact the effects of aging on I/R injury includes
gender. Consequently, a variety of differences between genders in the morphology of the
heart with aging have been found. Olivetti et al. reported that while heart mass did not
change in aged women, a slight reduction in heart mass was observed in aged men with
no gender differences in left ventricular (LV) wall thickness (Olivetti, Giordano et al.
1995). In contrast, Forman et al. reported greater LV wall thickness and smaller LV
chambers in aged females vs. age-matched men (Forman, Cittadini et al. 1997). Aged
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male hearts were also more likely to have increased fibrosis in their ventricular septa and
to suffer from mitral regurgitation thus alluding to impaired systolic function (Forman,
Cittadini et al. 1997).
With regard to vulnerability to I/R injury, Korzick and colleagues demonstrated
differences with age and gender in several cardioprotective signaling proteins such as
protein kinase C (PKC) and extracellular regulated kinase (ERK) (Hunter and Korzick
2005). Another study showed a significant decrease in LDH efflux in female mice
compared to age-matched male mice eight and 12 mo of age (Willems, Zatta et al. 2005),
indicative of lower levels of necrotic cell death following I/R injury. This relative
“protection” was consequently lost with the beginning of reproductive senescence
(Willems, Zatta et al. 2005). Another study found an increased amount of activated Akt
and PKCε proteins in female rats compared with male rats as well as increases in the
levels of these proteins following reperfusion in females compared to males (Bae and
Zhang 2005). Akt and PKCε are suggested to play a role in the differences in degree of
cardioprotection seen between the genders with I/R injury, potentially through inhibiting
the apoptotic cell death pathway (Bae and Zhang 2005).
Differences between ovariectomized (OVX) and ovary-intact animal models can
provide some insight into potential effects of E 2 on I/R injury. The amount of
mitochondrial-PKCε as well as the levels of Akt (total and phosphorylated) were found to
be lower in aged, OVX hearts both at baseline and following I/R compared to adult,
ovary-intact female rats (Lancaster, Jefferson et al. In Review). Activation of PKCε has
been found to reduce infarct size following I/R in aged OVX, aged ovary-intact and adult
ovary-intact female rats (Lancaster, Jefferson et al. In Review). These results further the
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idea that proteins such as PKCε and Akt play a role in the differences seen in the
cardioprotection of males and females following I/R. OVX, aged female rats have been
found to have a decreased recovery of left ventricular developed pressure during
reperfusion following an ischemic event compared to ovary-intact aged female rats
(Hunter, Kostyak et al. 2007). The amount of cytochrome c in the cytosol following I/R
was also found to be significantly higher in OVX females (both adult and aged)
compared with ovary-intact females as well as in aged vs. adult female rats (both OVX
and ovary-intact) (Hunter, Kostyak et al. 2007). Collectively, these data support the idea
that E2 loss in aged females plays a role in the decreased ischemic tolerance in
postmenopausal women, presumably through a mechanism involving MPT-induction and
the release of mitochondrial contents into the cytosol.
MPT-induction plays a role in some cell death pathways and could be a major
contributor to the pathogenesis of I/R injury. Following an event synonymous with an MI
(hypoxia followed by reoxygenation), reperfusion results in an increase in ROS
production which can lead to an induction of the MPT in mitochondria (Juhaszova, Zorov
et al. 2004). This same study found that the amount of mitochondrial depolarization
caused by MPT induction is negatively correlated with the survival of cardiomyocytes
and that, following an event synonymous with I/R (hypoxia/reoxygenation), there is a
significant reduction in the ROS threshold of the MPT (Juhaszova, Zorov et al. 2004).
According to Juhaszova et al., the ability to prevent MPT induction can predict how
much infarct size can be decreased (Juhaszova, Zorov et al. 2004). Research has found
that one form of protection against oxidative stress includes the convergence of many
different signaling pathways on the protein GSK-3β to inhibit it and reduce the induction
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of the MPT (Juhaszova, Zorov et al. 2004). One of the mechanisms by which GSK-3β
might work is by the phosphorylation of Bcl-2, a protein with anti-apoptotic function
(Juhaszova, Zorov et al. 2004). Changes in the likelihood of MPT-induction with age and
E2-deficiency might be one mechanism responsible for the increase I/R injury seen in
postmenopausal females.

Rat Model of Myocardial Infarction
Herein, the Fischer 344 aged rat model was utilized. Aged female rats (23-24 mo)
were used to model postmenopausal E2-deficiency. Adult rats (6 mo) were used to model
premenopausal women. The rationale for using 23 to 24 mo rats is based on the age in
which the mortality rate of the F344 rat colony is 50% (Lakatta and Sollott 2002). The
F344 rat is commonly used as a model of aging in cardiovascular research and numerous
similarities have been found between the effects aging has on the rat and human heart.
There are also parallels between the effects of advancing age on the cellular
structures of rat and human myocardium. Aged rats are more likely to have an increase in
ROS generation by mitochondria isolated from cardiomyocytes (Sawada and Carlson
1987). There is also an increase in ROS generation with reperfusion following an
ischemic bout (Lakatta and Sollott 2002). The increase in ROS causes a “Mito membrane
permeability transition” which can lead to attenuated ATP generation (Lakatta and Sollott
2002). Furthermore, MPT-induction can increase cytosolic calcium concentrations and
lead to more ROS production (Lakatta and Sollott 2002). Just as in humans, “cells from
senescent [rodent] hearts have a substantially lower threshold for ROS-induced ROS
release and the occurrence of the MPT” (Lakatta and Sollott 2002). As expected, all of
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these changes within the mitochondria and cell increase the susceptibility of rat
myocardium to injuries from ischemic stresses similar to that seen in humans. A more
complete list of changes in the aged myocardium of rodents can be found in Table 1.

Table 1: Effects of aging on rodent myocardium (Lakatta and Sollott 2002)

Adaptive responses to advancing age in the rat can greatly increase the
susceptibility of cardiomyocytes to ischemic damage and death. Similar to responses
observed in humans, age can impact a rat’s cardiovascular system and its ability to adapt
to and handle outside stresses (Lakatta and Sollott 2002). These findings suggest that not
only are there similarities between the functional and adaptive responses of aged rat and
human hearts, there is also an increased susceptibility to damage following an MI in the
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rat due to similar mechanisms. These distinct similarities make aged rats an ideal model
with which to study the human cardiovascular system and the effects of ischemic stress
on contractile function.
The use of rats to simulate acute MI (AMI) in humans is well-developed and
supported. While there are a variety of different techniques used to imitate MI, coronary
artery ligation (CAL) has a number of different advantages. This is an in vivo model that
allows the interaction of all the body’s systems in the response to MI providing a better
simulation of what occurs in humans during AMI. CAL also allows induction of regional
ischemic bouts vs. global ischemia again providing a more physiological simulation of
AMI in humans.
The use of CAL in rats as a model for AMI is accepted throughout the scientific
community and research has proven its efficacy. Johns and Olson were two of the first
investigators to use CAL to induce MI in small animals including rats (Johns and Olson
1954). They claim that similar changes occur in the hearts of small animals following MI
as those seen in dogs and humans (Johns and Olson 1954).
Inducing MI in rats provides a model to study the physiological changes that
occur during this stress and the ability of different factors to effect the way the heart
handles and adapts to it. The model also provides a means for studying the mechanisms
controlling I/R injury. Juhaszova et al. claims that “among all factors that cause unwanted
cell death, periods of prolonged hypoxia followed by reoxygenation cause some of the
most damaging and irreversible consequences” (Juhaszova, Zorov et al. 2004). Thus, a
complete understanding of the mechanisms controlling cell death during MI, including
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the type of cell death and its contribution to the overall injury, is crucial in order to
improve survival rates following MI.

Cell Death
MI is characterized by I/R injury.
“The ischemic phase deprives the myocardium of oxygen, nutrients and
survival factors and results in the accumulation of waste products. The
reintroduction of oxygenated blood into ischemic myocardium during
the reperfusion phase results in oxidative stress, increased cytosolic
and mitochondrial Ca+2, rapid resolution of intracellular acidosis
(which paradoxically can result in MPTP opening), and inflammation,
a syndrome termed myocardial

reperfusion injury” (Whelan,

Kaplinskiy et al. 2010).

There are three types of cell death that constitute the I/R injury caused by one of these
events: necrosis, apoptosis and autophagy. Each form of cell death is controlled by a
different mechanism and can be characterized by different physiological changes within
the cell.
Necrotic cell death is characterized by a decrease in the amount of ATP within the
cell as well as a decrease in the integrity of the plasma membrane (Whelan, Kaplinskiy et
al. 2010). The cell and its organelles swell resulting in eventual bursting and release of
contents into the environment eliciting an inflammatory response (Whelan, Kaplinskiy et
al. 2010). Different mechanisms are thought to lead to necrotic cell death but the pathway
involving the mitochondrial permeability transition pore (MPTP) has the most relevance
for necrosis caused by I/R injury (Whelan, Kaplinskiy et al. 2010). When the MPTP
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opens, the proton gradient within the mitochondria is lost resulting in a decreased ability
to produce ATP and a potential rupturing of the mitochondria due to mitochondrial
swelling (Whelan, Kaplinskiy et al. 2010). Opening of the MPTP is thought to occur
from an increase in calcium concentration inside the mitochondria (Whelan, Kaplinskiy
et al. 2010). A more complete look at the factors involved in the necrotic cell death
pathway is shown in Figure 1.

Figure 1: Necrotic cell death pathways (Whelan, Kaplinskiy et al. 2010)

The contribution of necrosis to I/R injury has found to vary depending on age. In
a comparison of aged vs. adult female rats following I/R injury, Korzick et al. found a
50% increase in infarct size, due to necrotic cell death, in the aged rats (Hunter, Kostyak
et al. 2007). Another study looked at the difference in I/R injury in adult (6-8 mo) vs.
aged (22-24 mo) male mice following left anterior descending (LAD) ligation (Azhar,
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Gao et al. 1999). They found that following ischemia (45 min) and reperfusion (4 hours)
young hearts had considerably less infarct than old hearts (12 ± 2.2% vs. 28 ± 3.8%)
(Azhar, Gao et al. 1999). However, this study also found increased area at risk in the old
mice compared to the young mice (Azhar, Gao et al. 1999) which might contribute to the
differences in infarct seen. Increases in necrotic cell death throughout the heart with age
were also found in male Fischer 344 rats (Kajstura, Cheng et al. 1996). Quantification of
these results showed an increase from 1000 myocytes to 13,600 myocytes undergoing
necrosis in the LV free wall of three and 24 mo old male rats, respectively (Kajstura,
Cheng et al. 1996).
Differences in the contribution of necrosis to I/R injury between genders also
exist. Male rats (2 mo old, Sprague-Dawley) subjected to 15 and 25 min of ischemia
followed by two hours of reperfusion had larger infarcts (necrotic cell death) under both
conditions than age-matched female rats; following 25 min of ischemia and two hours of
reperfusion male vs. female infarct sizes were 48.3 ± 2.3% vs. 37.1 ± 1.9% (Bae and
Zhang 2005). Another study found that male mice that underwent 40 min of global
ischemia and 60 min of reperfusion had significantly more infarct compared to female
mice undergoing the same degree of ischemic insult (Song, Li et al. 2003).
Analysis of necrotic cell death following MI in ovary-intact vs. OVX animals
lends evidence to the idea that loss of E2 is a factor that contributes to the increasing
susceptibility of older women to I/R injury. For instance, infarct size is greater in OVX
female mice compared to those with gonads-intact (Song, Li et al. 2003). Another study
looked at male and female white rabbits (oophorectomized and control) that underwent
30 min of ischemia and three hours of reperfusion in vivo (Bouma, Noma et al. 2010).
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Infarct size, expressed as a percentage of area at risk, was 56.4 ± 1.6% in males, 43.7 ±
3.2% in females and 55.7 ± 3.4% in OVX (Bouma, Noma et al. 2010). In another study,
infarct size was greatest in the aged, OVX female rats with an increase in infarct size of
about 35% between the aged OVX and aged ovary-intact female rats (Hunter, Kostyak et
al. 2007). A study also found a larger infarct following I/R in aged ovary-intact and aged
OVX female rats when compared to adult ovary-intact female rats (Lancaster, Jefferson
et al. In Review). As stated above, differences in infarct size between OVX and ovaryintact animals suggest a potential protective role of E2 in reducing infarct size and I/R
injury.
Apoptosis is another form of cell death found in the myocardium following MI. It
is characterized by “cytoplasmic shrinkage, plasma membrane blebbing, nuclear
condensation, and later fragmentation of both cytoplasm and nucleus into membraneenclosed apoptotic bodies” (Whelan, Kaplinskiy et al. 2010). Apoptotic cell death does
not elicit an inflammatory response in the tissue since the apoptotic bodies generated
during this process are phagocytized (Whelan, Kaplinskiy et al. 2010).
There are two pathways involved with apoptotic cell death from a MI: an extrinsic
pathway that works via cell death surface receptors and an intrinsic pathway that works
via the endoplasmic reticulum and mitochondria (see Figure 2) (Whelan, Kaplinskiy et al.
2010). The extrinsic pathway is mediated by a cascade of caspase activation that
generally converges on the mitochondria to elicit apoptosis (Whelan, Kaplinskiy et al.
2010). The intrinsic pathway is more complex and involves more stimuli and regulatory
proteins. The basic organization of this pathway is the final convergence of pro-apoptotic
stimuli at the mitochondria and endoplasmic reticulum resulting in the release of
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apoptosis-inducing factors or calcium (Whelan, Kaplinskiy et al. 2010). Caspase
activation plays a large role in the intrinsic pathway as does the Bcl-2 proteins Bax, Bak
and BH3-only proteins, which are apoptotic-inducing proteins (Whelan, Kaplinskiy et al.
2010). Bak and Bax converge on the mitochondria to cause the release of apoptogens
including cytochrome c (Whelan, Kaplinskiy et al. 2010). The end result of both
pathways is the activation of caspase-3 and consequent cell death (Whelan, Kaplinskiy et
al. 2010).
Along with the proteins listed above, many other proteins have been associated
with apoptosis. One example is the proteins in the PKC family which are thought to play
a role in the apoptotic cell death pathway (Hunter and Korzick 2005). PKCδ has been
connected with I/R injury caused by apoptosis (Murriel, Churchill et al. 2004). It has
been associated with an increased release of cytochrome c following I/R as well as an
increased activation of caspase-3, increased amount of cleaved PARP (an apoptotic
marker) and increased apoptosis (Murriel, Churchill et al. 2004). PKCδ is also associated
with an increased amount of Bad (a pro-apoptotic protein) and a decreased amount of
active Akt (Murriel, Churchill et al. 2004). As stated earlier in this review, activated Akt
provides cardioprotection by inactivating apoptotic proteins such as GSK3β and Bad
(Juhaszova, Zorov et al. 2004; Murriel, Churchill et al. 2004). Figure 2 provides a basic
overview of the key players involved in the regulation of the extrinsic and intrinsic
apoptotic pathways, respectively.
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Figure 2: Apoptotic cell death pathways (Whelan, Kaplinskiy et al. 2010)

Aging has been found to affect apoptosis and its role in I/R injury. Kajstura et al.
found apoptotic cell death was present in the LV free wall and increased with age in male
Fischer 344 rats (Kajstura, Cheng et al. 1996). Quantification of this data showed an
increase from ten to 86 apoptotic myocyte nuclei per 106 myocyte nuclei in the LV free
wall in three mo rats compared to 24 mo rats. An increase from 140 myocytes to 874
myocytes undergoing apoptosis in three and 24 mo old rats was also observed (Kajstura,
Cheng et al. 1996). A similar study looking at the effects of aging in male Fischer rats
found a 3.3 fold increase in apoptotic cells from three to 12 mo and a 3.6 fold increase in
apoptotic cells from 12 to 24 mo (Nitahara, Cheng et al. 1998). DNA fragmentation,
measured using Apoptag staining with the terminal deoxynucleotidyl transferase dUTP
nick end labeling (TUNEL) staining technique, was also found to be significantly more
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prevalent in hearts isolated from aged mice (22-24 mo) vs. adult mice (6-8 mo) following
LAD-induced ischemia (45 min) and reperfusion (1, 4 and 24 h) (Azhar, Gao et al. 1999).
The contribution of apoptosis to I/R injury has also been found to differ between
genders. A study measured apoptosis using male and female white rabbits (OVX and
control) that underwent 30 min of in vivo ischemia and three hours of reperfusion
(Bouma, Noma et al. 2010). It was found that females had significantly less apoptotic cell
death compared to males and OVX females following I/R (0.51 ± 0.1% in females, 4.29
± 0.95% in males and 4.36 ± 0.51% in OVX females) (Bouma, Noma et al. 2010).
A final type of cell death present during an MI is autophagy. Autophagy is in
charge of the destruction of aggregates of protein as well as organelles that have been
damaged or are no longer functional (Dong, Undyala et al. 2010). Macroautophagy is the
form of autophagy that will be the focus of this review. It is characterized by
autophagosomes, which are double-membrane vesicles (Whelan, Kaplinskiy et al. 2010).
Vesicle nucleation, caused by different factors including Beclin-1, initiates the formation
of autophagosomes (Whelan, Kaplinskiy et al. 2010). The autophagosome then elongates
and fuses with a lysosome to form an autophagolysosome (Whelan, Kaplinskiy et al.
2010). Within the autophagolysosome the original contents of the autophagosome are
degraded (Whelan, Kaplinskiy et al. 2010). Autophagy results in the production of amino
acids, fatty acids and other substrates that can then be used by the cell to fuel other
processes and pathways (Dong, Undyala et al. 2010). Some of the key stimuli for
autophagy during MI include nutrient starvation, activation of Bnip3 (part of the Bcl-2
protein family) through oxygen deprivation and acidosis, MPT pore opening, ROS
generation, and increased intracellular calcium concentrations (Dong, Undyala et al.
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2010). In addition, buildup of damaged proteins, endoplasmic reticulum stress and
stimulating the unfolded protein response can activate autophagy (Dong, Undyala et al.
2010). As with apoptosis and necrosis, there are many different signals involved with this
form of cell death. An outline of the autophagy pathway is shown in Figure 3.

Figure 3: Autophagy signaling pathway (Dong, Undyala et al. 2010)
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A current area of controversy includes the contribution of autophagy and its role
in I/R injury, and whether or not it is protective, destructive or both. One study found a
reduction of autophagy in beclin 1+/- mice resulted in smaller infarct size following I/R
compared to wild-type mice as well as a reduction in the number of apoptotic cells in the
ischemic area (Matsui, Takagi et al. 2007). These findings suggest a potential detrimental
role for autophagy during I/R. This same study looked at glucose deprivation (GD),
indicative of ischemia, and its effects on cardiomyocyte cells (Matsui, Takagi et al.
2007). Inhibition of autophagy through treatment with 3-methyladenine (3-MA) under
GD conditions resulted in a reduction in the viability of the cells (Matsui, Takagi et al.
2007). Similarly, the same study found that reducing apoptosis through the use of a
caspase inhibitor or expression of an anti-apoptotic protein reduced overall cell death
induced by GD (Matsui, Takagi et al. 2007). This suggests that in cardiomyocytes,
autophagy during ischemia could be protective and that apoptosis may play a role in the
injury associated with ischemia. One of the roles autophagy may play during ischemia is
preserving ATP in the cell as seen by a decrease in ATP content upon inhibition of
autophagy with 3-MA under GD conditions (Matsui, Takagi et al. 2007). This study
suggests that autophagy could play a different role (protective or destructive) in the
ischemic vs. the reperfusion phase of MI and that differences in autophagy proteins may
be involved (Matsui, Takagi et al. 2007).
According to Gustafsson and Gottlieb,
“Autophagy can promote cell survival by generating free amino acids
and fatty acids required to maintain function during nutrient-limiting
conditions, or by removing damaged organelles and intracellular
pathogens. However, autophagy might also promote cell death through
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excessive self-digestion and degradation of

essential cellular

constituents” (Gustafsson and Gottlieb 2008).

One potential way autophagy provides cardioprotection in the heart is through the
removal of damaged mitochondria from the cell and consequently preventing these
mitochondria from releasing factors that can induce apoptosis (Gustafsson and Gottlieb
2008). Other mechanisms might include providing substrates for ATP production during
states of low ATP or by destroying potentially toxic misfolded proteins in the cell
(Gustafsson and Gottlieb 2008). However it is also possible that autophagy induces cell
death by destroying proteins and organelles past a specific threshold that the cell is able
to handle (Gustafsson and Gottlieb 2008).
Research has also shown evidence of interaction between two of the cell death
pathways, apoptosis and autophagy, with common proteins playing roles in the mediation
of both pathways (Gustafsson and Gottlieb 2008). Thus, the question arises of how
autophagy interacts with apoptosis and how this interaction contributes to the overall
damage seen following MI. Adding to this uncertainty, there is a lack of knowledge
concerning the effect of autophagy on I/R injury with age and E2-deficiency.
Little to no research was found quantifying the amount of autophagy associated
with MI among varying advancing age or gender. While research suggests that autophagy
is up-regulated during MI (Matsui, Takagi et al. 2007; Dong, Undyala et al. 2010), as
stated above, further investigation under different pathological conditions is needed.
The effect of aging on autophagy has been a current topic of research. Despite the
increased need for autophagic clearance of damaged and dysfunctional proteins and
organelles in aged cells, research has found that autophagic efficiency is decreased with
aging (Shih, Lee et al. 2011). It has been suggested that the ability of lysosomes to
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degrade contents brought to them by autophagosomes decreases with age (Terman,
Gustafsson et al. 2007). This could hamper the ability of the cell to perform autophagy
and remove damaged proteins and organelles including mitochondria (Terman,
Gustafsson et al. 2007; Shih, Lee et al. 2011). Whether or not this plays a large role in the
ability of autophagy to respond to I/R, either in a protective or destructive manner, is
unknown.
As is apparent from this review, many different factors can compound the injury
seen during an ischemic event. The complexity of the interaction between age and E2deficiency has yet to be determined along with the mechanisms controlling injury of MI
in these menopausal individuals. In addition, the contribution of each type of cell death to
I/R injury in aged, E2-deficient females has yet to be quantified and characterized. While
all three types of cell death are known to play a role, their interaction during MI and how
age and E2-deficiency impacts this interaction needs to be a topic of future research. The
current study attempts to provide a general understanding of the cell death physiology
associated with MI in aged, E2-deficient females to aid in the focus of future treatments
and therapies.
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Chapter 3
Project Summary

Introduction
Coronary heart disease (CHD) remains the leading contributor to overall deaths
that occur each year in the US, having contributed to one out of every six deaths in 2007
(Roger, Go et al. 2011). A component of CHD includes myocardial infarction (MI) and
the incidence of MI increases with age in both men and women (Roger, Go et al. 2011).
However, females appear to suffer from more severe forms of CHD events. Following a
first MI, women 45 years or older are more likely to die than men within the first year
(Roger, Go et al. 2011). Menopause and the subsequent loss of estrogen (E2) clearly play
a role in this increased injury. Postmenopausal women have a higher incidence of
cardiovascular disease (CVD) than premenopausal, age-matched women with a twofold
increased risk for CVD seen in postmenopausal compared to premenopausal women
(Kannel, Hjortland et al. 1976). The mechanisms behind this increased injury are
unknown and are a current topic of research.
The present therapies available for the treatment of CHD in aged and E2-deficient
women are ineffective. Hormone replacement therapy (HRT), the common treatment
used, has questionable efficacy. The most influential study looking at the effects of HRT
is the Women’s Health Initiative (WHI). This study concluded that not only is the use of
E2 plus progestin as a treatment against CHD in healthy, postmenopausal women
ineffective but that this form of treatment could actually increase CHD risk (Rossouw,
Anderson et al. 2002; Manson, Hsia et al. 2003). Based on these findings and the findings
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of similar studies, it is apparent that new therapies and treatments are needed to treat
CHD in postmenopausal women. However, in order to develop these therapies more
information is needed about the mechanisms controlling the injury associated with MI.
Knowledge concerning the actual cell death mechanisms responsible for I/R
injury is critical in the ability to develop more effective treatments and therapies. There
are three types of cell death involved in the damage seen following I/R: apoptosis,
necrosis and autophagy. The relative contributions of each of these forms of cell death to
overall I/R injury in postmenopausal women are unknown making it difficult to establish
treatments and therapies targeted toward reducing the effects of I/R injury in this
population. Clearly, necrotic cell death increases with age (Kajstura, Cheng et al. 1996)
as well as with age following I/R (Hunter, Kostyak et al. 2007; Lancaster, Jefferson et al.
In Review). Data regarding the effects of E2-deficiency on necrosis in I/R injury also
shows that E2-deficiency increases infarct size following I/R (Song, Li et al. 2003;
Hunter, Kostyak et al. 2007; Bouma, Noma et al. 2010; Lancaster, Jefferson et al. In
Review). Apoptosis has also been shown to be affected by age and E2-deficiency. Old
age alone is associated with an increase in apoptosis (Kajstura, Cheng et al. 1996;
Nitahara, Cheng et al. 1998) and age in combination with I/R has also been suggested to
increase apoptosis (Azhar, Gao et al. 1999). As with necrosis, limited data regarding the
effects of E2-deficiency on apoptosis in I/R injury shows that apoptosis is increased with
E2-deficiency (Bouma, Noma et al. 2010).
Autophagy, the third form of cell death, is very contradictory regarding its role in
I/R injury and effects in post-menopausal women unstudied. There is support for both a
protective and detrimental effect during I/R in adult hearts, which could be dependent on
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the phase of I/R (ischemia or reperfusion) or the autophagic proteins involved (Matsui,
Takagi et al. 2007; Gustafsson and Gottlieb 2008). Regarding the overall role of
autophagy in I/R, studies suggest that during MI autophagy is up-regulated (Matsui,
Takagi et al. 2007; Dong, Undyala et al. 2010). The effects of aging on autophagy are not
clear with some studies suggesting that the efficiency and functioning of autophagy
decreases with aging (Terman, Gustafsson et al. 2007; Shih, Lee et al. 2011) and others
suggesting that autophagy is up-regulated with age (Boyle, Shih et al. 2011); both might
be true. Complicating the issue is research which suggests the apoptotic and autophagic
cell death pathways might interact (Gustafsson and Gottlieb 2008). Thus, the question
arises of how autophagy interacts with apoptosis and how this interaction contributes to
the overall damage seen following MI.
The major purpose of the current research was to determine the relative
contributions of apoptosis, autophagy and necrosis to the I/R injury seen in a rodent
model of age-associated E2-deficiency. We hypothesized that I/R injury would be
dominated by a greater degree of necrosis compared to apoptosis and autophagy in all
experimental groups. Furthermore, we hypothesized that with I/R injury greater amounts
of necrosis, apoptosis and autophagy would be found with age and E 2-deficiency
compared to adult and aged groups. A secondary purpose of this research became
optimizing triphenyltetrazolium chloride (TTC) staining to enable the accurate
assessment of infarct size and corresponding necrotic cell death. We hypothesized that
following optimization, this protocol would enable an accurate and efficacious
assessment of necrotic cell death in our rodent model of age-associated E2-deficiency.
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Methods
Animal Care
Adult (6-7 mo, n=8) and aged (23-24 mo, n=16) female Fischer 344 rats were
purchased from NIA/Taconic (Hudson, NY). Rats were housed one to a cage on a 12 h
light:dark cycle. Food and water was given ad libitum. To generate an E2-deficient
model, aged rats (n=8) underwent standard bilateral ovariectomy (OVX) surgeries by the
supplier prior to arrival. Briefly, a dorsal incision was made to gain access to the
abdominal cavity of the anaesthetized animal. Following ligation of the oviduct, each
ovary and part of the oviduct were removed. After the surgical procedure, animals were
given a minimum of 4 weeks to recover prior to experimental use. Age-matched ovaryintact rats were used for comparison with OVX rats. Penn State University Institutional
Animal Care and Use Committee approval was obtained for all protocols detailing animal
use and handling.

Coronary Artery Ligation
Coronary artery ligation (CAL) was used to generate I/R injury (55 min I: 2 h & 6
h reperfusion) (Figure 4) similar to previously described (Bauer, Cheng et al. 2011).
Briefly, rats were anesthetized with an intraperitoneal injection of pentobarbital (50
mg/kg body weight) and depth of anesthesia was assessed by tail-pinch and corneal
reflexes. To maintain a constant internal temperature of 37 oC throughout the surgical
procedure, rats were placed on an 8” plastic board overlaying a heating pad set at 43 oC.
1% lidocaine was subcutaneously injected into the ventral neck and left lateral chest area
and the incision site was shaved and sterilized with 2 x washes of 70% isopropanol and
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betadine. Ophthalmic ointment was applied to both eyes and the rat was secured to the
surgical table. Vocal cords were illuminated and depression of the tongue was achieved
with the use of a small spatula. The rat was intubated using a 14 or 16 gauge Abbocath-T
intravenous catheter (Hospira, Lake Forest, IL) cut to 2.5” in length. For anesthetic
purposes, 1% lidocaine (20-30 µl) was inserted into the tip of each catheter. Upon
intubation rats were immediately connected to a ventilator set at 60 breaths/min room air
supplemented with O2. A sterile drape was used to cover the incision site and sterile
technique was followed throughout the surgical procedure. In the left lateral third
intercostals space, a 1.5 cm incision was made into the chest cavity to expose the heart
and the pericardium was opened. A snare was used to ligate the left anterior descending
coronary artery 3 mm from its origin. Both ends of a 6.0 prolene suture were fed through
PE-90 tubing (1 cm in length) and secured with a hemostat. Following a 55 min ligation,
the hemostat was removed, releasing the ligature, and the chest cavity was sutured in 3
layers: rib, muscle and skin. A chest tube attached to a 5 ml syringe was used to remove
air from the chest cavity before securing the last stitch and 0.05 mg/kg subcutaneous
buprenorphine was given for analgesia. Ventilation was maintained until the rats were
able to breathe on their own upon which they were disconnected from the respirator and
allowed to recover on the heating pad. Once the rat regained sternal recumbancy, the
animal was moved to a small cage. Prior to euthanasia, rats were re-anesthetized with
pentobarbital and hearts were removed by midline thoracotomy.
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Figure 4: Experimental Protocol

Triphenyltetrazolium chloride (TTC) staining
To determine the effects of I/R on infarct size, hearts were isolated and stained
with TTC as previously reported (Novotny, Simpson et al. 2009). Rats (Adult, 6-7 mo;
Aged, 23-24 mo; Aged OVX, 23-24 mo) were subjected to in vivo CAL with 2 h of
reperfusion (Figure 4). Following reperfusion, hearts were excised and cannulated for
perfusion with a modified Krebs-Henseleit (K-H) buffer containing (in mM): 117.4 NaCl,
4.7 KCl, 1.75 CaCl2, 1.2 MgSO4, 1.3 KH2PO4, 24.7 NaHCO3, 11.0 glucose, 0.5 pyruvate
and 0.5 EDTA gassed continuously with 95% O2-5% CO2 for 60-90 sec at 85 mmHg and
37oC to rinse out blood. The coronary artery was re-ligated and the not-at-risk
myocardium was perfused with 200-300 µl Evans Blue (1% in saline) resulting in the
ischemic area being left pink while the not-at-risk tissue stained blue. Hearts were
removed from the cannula, rapidly arrested in ice-cold saline and left ventricles (LV)
isolated, weighed and frozen at -20oC for 30 min. Subsequently, hearts were transversely
cut into 4 equal sections from base to apex, wiping the razor blade with 70% EtOH
between cuts, and weighed. Heart slices were stained with 1% TTC in phosphate buffer
(pH 7.4) for 10 min at 37oC and fixed in 10% formalin overnight at room temperature. To
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capture digital images, individual heart slices were immobilized between 2 glass plates
containing a 1.5 mm space gap. Images of top and bottom regions of individual heart
slices were obtained with an Olympus DP72 camera attached to an Olympus
Stereomicroscope SZ61 (Olympus, Center Valley, PA). Infarct size was determined by
ImageJ software (NIH; http://rsb.info.nih.gov/ij/index.html). Data is expressed as infarct
relative to area at risk (AAR).

Tissue Sample Preparation for Biochemical Analysis of Apoptosis and Autophagy
To assess apoptosis and autophagy, rats (Adult, 6-7 mo; Aged, 23-24 mo; Aged
OVX, 23-24 mo; n=4/group) were subjected to in vivo CAL with 6 h reperfusion (Figure
4) similar to previously described (Bauer, Cheng et al. 2011). Following excision, hearts
were cannulated and perfused with 15 ml of modified K-H buffer, coronary artery religated and perfused with 350-1000 µl Evans Blue (1% in saline). The LV was isolated
and cut transversely into 4 strips from apex to base. Remote tissue was defined by a lack
of AAR and border zone tissue was defined as tissue containing both AAR and not-atrisk tissue. Tissue (60-80 mg) from remote and border zone regions of the LV were
isolated for DNA laddering and terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) staining analysis (see below). Following isolation, samples were either
frozen in liquid nitrogen (N2) for DNA laddering or left in 10% formalin overnight at 4 oC
for TUNEL staining. The remainder of the LV was frozen in liquid N2 and left at -80oC
for analysis of autophagy signaling.
Tissue for analysis of autophagy signaling was processed following a wellestablished protocol in our laboratory (Novotny, Simpson et al. 2009). Total LV protein
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homogenates as well as isolated cytosolic subcellular protein fractions were prepared as
follows: frozen LV samples were homogenized using glass-glass grinders in 10 vol buffer
A containing (in mM): 250 sucrose; 10 HEPES, pH 7.4; 1 EDTA, pH 7-8; 1
orthovanadate; 1 NaF; 0.3 PMSF; 0.5 μg/mL pepstatin A, and 5 μg/mL of both leupeptin
and aprotinin. A portion of the homogenate was removed for total fraction while the
remaining sample was subjected to serial centrifugations (1000 x g, 10000 x g, 100000 x
g). Following centrifugation, the supernatant was kept as the cytosolic fraction. The
sample removed for total fraction was diluted with 2 vol buffer A.

Samples were

solubilized by adding Triton X-100 to 1% V/V, shaken on ice for 30 min and centrifuged
at 100,000 x g. The supernatant was removed as the total fraction. Protein concentrations
were measure using the Bradford assay.

DNA Laddering
To determine the effects of I/R injury on DNA fragmentation, DNA laddering
was performed similar to Bialik S et al. (Bialik, Geenen et al. 1997). Briefly, mortars and
pestles autoclaved in 0.1% diethylpyrocarbonate water (rendering them DNAse/RNAsefree) were equilibrated in liquid N2. Frozen LV samples were pulverized with mortar and
pestle, combined with similarly pulverized lysis buffer (10 mM Tris pH8, 100 mM NaCl,
25 mM EDTA pH8, 0.5% SDS, 1 mg/ml Proteinase K) and allowed to thaw at room
temperature. Samples were removed to DNAse/RNAse-free microcentrifuge tubes using
wide boar pipette tips and incubated at 37oC with constant rotation overnight. The
concentration of NaCl was adjusted to 1.2M and samples were mixed for 10 min with
constant rotation at room temperature prior to a 10,000 x g centrifugation (4oC; 30 min).
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The supernatant was collected, mixed with equal volumes of phenol:choloroform:isoamyl
alcohol (Thermo Fisher Scientific; Rockford, IL) and centrifuged at 10,000 x g for 15 min
at 4oC. The resulting aqueous layer was collected, mixed with equal volumes of
isopropanol and stored at -20oC overnight. DNA samples were collected by
centrifugation at 10,000 x g for 30 min at 4oC, the pellet was rinsed with 70% ethanol
(EtOH) and re-centrifuged. The supernatant was discarded and pellets were air-dried and
resuspended in 20-40 µl TE buffer (10 mM Tris pH 8, 1 mM EDTA pH 8) at 4oC
overnight. DNA concentrations were determined by measuring the absorbance at 260
nm/280 nm spectrophotometrically (Beckman Coulter DU640 Spectrophotometer;
Beckman Coulter; Brea, CA). Samples were subsequently incubated with 1.5 µl DNAsefree RNAse A (1 mg/ml; Sigma-Aldrich; St. Louis, MO) for 30 min at room temperature.
Equal amounts of sample (20 µg) were combined with 1X loading buffer (0.25%
Bromophenol Blue; 0.25% Xylene Cyanol; 20% Ficoll; 0.1M EDTA) and loaded onto
2% agarose gels in 1X TAE (0.04M Tris-acetate, 0.001M EDTA). Samples were then
subjected to electrophoresis at 80V for 75 min in 1X TAE buffer. A 1 Kb DNA Ladder
was purchased from Invitrogen (1 µg/µl; Invitrogen; Carlsbad, CA). Gels were stained
with 1 µg/ml ethidium bromide (EtBr) in water for 30 min at room temperature and DNA
laddering was imaged using a Fluor-S MultiImager (Bio-Rad; Hercules, CA).

Tissue Fixation and Terminal Deoxynucleotidyltransferase Nick-End Labeling
(TUNEL) Staining
To quantify the effects of I/R on apoptosis, TUNEL was performed similar to
Bialik S et al. (Bialik, Geenen et al. 1997). Isolated tissues were fixed overnight in 10%
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formalin with constant rotation at 4ºC. Tissues were then rinsed twice with 1X PBS,
dehydrated with a series of alcohol washes as previously described (Lopez, Keen et al.
2008) and paraffin-embedded. Heart tissues were sectioned with a microtome (Shandon
Finesse 325; Thermo Scientific; Waltham, MA) to 7 µm thickness and collected onto
slides.
Heart sections were deparaffinized by incubating at 65oC for 2 h, then cooling to
room temperature for 2 h, followed by incubation in xylene. Sections were then rehydrated with a series of decreasing concentrations of alcohol as follows: 2 x Xylene, 5
min; 2 x 100% EtOH, 1 min; 2 x 95% EtOH, 1 min; 2 x 70% EtOH, 1 min; and 2 x 1X
PBS, 1 min. For antigen retrieval, sections were immersed in a citric-acid based antigen
unmasking solution (0.01M; Vector Laboratories; Burlingame, CA) in a pressure cooker
for 35 min and cooled for 10 min in an ice bucket. Following washes in 1X PBS and
incubation in 0.01% Triton X-100 in 1X PBS for 5 min at room temperature, sections
were incubated in Proteinase K solution-1X PBS (20 µg/ml; Millipore; Billerica, MA) for
15 min at room temperature and rinsed with 1X PBS. TUNEL staining was detected with
the In Situ Cell Death Detection Kit, TMR Red (Roche Applied Science; Indianapolis,
IN). Sections were incubated in complete darkness with 30-50 µl of reaction mixture for
1 h at 37oC then rinsed with 1X PBS. Following blocking for 30 min in 10% goat serum
(in 1X PBS supplemented with 0.01% Triton X-100) at room temperature, samples were
incubated with the cardiomyocyte marker rabbit Troponin I antibody (1:50; Santa Cruz
Biotechnology; Santa Cruz, CA) in a humidifying chamber at 4 oC overnight. The next
day, slides were washed with 1X PBS, incubated in 0.01% Triton X-100 in 1X PBS for 5
min, and incubated with goat anti-rabbit conjugated AlexaFlour-488 secondary antibody
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(1:1000; Vector Laboratory; Burlingame, CA) for 1 h at room temperature and washed
with 1X PBS. To visualize cell nuclei, sections were stained with 4’,6-diamidino-2phenylindole (DAPI) (1:1000; Invitrogen; Carlsbad, CA) for 10 min at room temperature,
washed with 1X PBS and mounted with anti-fade media (Vector Laboratory; Burlingame,
CA). Fluorescent images were captured with an Olympus DP72 camera attached to an
Olympus CKX41 microscope (Olympus, Center Valley, PA) using the CellSens Standard
program (Olympus, Center Valley, PA). To quantitatively assess cell death,
representative fluorescent images (n=4/region/group) were captured and the total number
of nuclei and the total number of apoptotic cardiomyocytes were counted by a blinded
investigator. ImageJ software (NIH; http://rsb.info.nih.gov/ij/index.html) was used to
quantify digital images. Data is expressed as fold-increase in border zone cardiomyocyte
cell death over remote cell death (n= 2 to 3 rats / group).

Western Blotting
Autophagic cell signaling was analyzed through western blotting using wellestablished protocols in our laboratory (Novotny, Simpson et al. 2009). Briefly, equal
amounts of total (Atg5, Beclin-1 and LC3B) and cytosolic (LC3B and Cathepsin D)
protein sample (20-30 µg) were electrophoresed on sodium dodecyl sulfate (SDS)polyacrylamide gels (BioRad; Cathepsin D and Beclin-1, 10% gels; Apg5 and LC3B,
18% gels) and transferred to polyvinylidene difluoride (PVDF) membranes for 3 h.
Following incubation in blocking buffer (6% non-fat dry milk in 0.1% TBS-Tween) for 2
h, membranes were probed with primary antibody against Apg5 (Santa Cruz
Biotechnology; 1:1000; overnight at 4oC), Beclin-1 (Santa Cruz Biotechnology; 1:750;

o
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overnight at 4 C), LC3B (Cell Signaling Technology; 1:750-1:1,000; overnight at 4 C)
and Cathepsin D (Santa Cruz Biotechnology; 1:2,000; overnight at 4oC). After washing 3
x 10 min in 0.1% TBS Tween, membranes were incubated with anti-rabbit (LC3B;
1:20,000) or anti-goat (Apg5, Beclin-1, Cathepsin D; 1:20,000), respectively, horseradish
peroxidase (HRP)-linked secondary antibody for 1 h, and then washed again. Protein
expression was visualized by enhanced chemiluminescence (ECL; GE Amersham).

Statistical Analysis
Two sample standard t-tests with equal variance were run to assess TUNEL
staining.

Results
TTC Protocol Optimization
Problem:
Rats were subjected to CAL surgery (55 min I, 2 h R) and hearts were
subsequently perfused with 15 ml of K-H buffer. To delineate the AAR for infarction
analysis, the coronary artery was re-ligated and perfused with two ml of Evan’s Blue
(0.8%) in K-H buffer. Following perfusion, hearts were subjected to 1% TTC staining for
20 minutes at 37oC, followed by overnight fixation in 10% formalin. Imaging the next
day revealed an insufficient demarcation of AAR from the area of the heart slice perfused
throughout the CAL surgery (area not-at-risk). The following experiments were
performed to optimize AAR demarcation:
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Evan’s Blue Concentration
Goal: To vary the concentration of Evan’s Blue dye in order to better demarcate the
AAR.
Experiment: A subset of experiments were performed in which hearts were perfused with
three ml of 2%, 1% and 0.1% Evan’s Blue in K-H buffer and stained in 1% TTC for 20
min prior to capturing images.

Figure 5: The effects of Evan’s Blue dye concentrations on the ability to demarcate AAR. Left 2%
Evan’s Blue followed by 1% TTC staining for 20 min Middle 1% Evan’s Blue followed by 1% TTC
staining for 20 min Right 0.1% Evan’s Blue without TTC staining

Results: Perfusion of the heart with 2% Evan’s Blue did not isolate staining to the not-atrisk tissue but resulted in diffusion of the dye into all areas of the heart obscuring the
visualization of AAR. Additionally, the published solubility of Evan’s Blue is
approximately 1% and thus a 2% solution could result in insoluble globules of Evan’s
Blue dye which could obscure the coronary arteries. Perfusion of the heart with 1% or
0.1% Evan’s Blue did not adequately distinguish AAR from not-at-risk tissue. These
findings could be explained by inadequate perfusion of Evan’s Blue into the heart, excess
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Evan’s Blue staining at-risk myocardium generating a homogenous appearance across the
tissue or precipitation of the dye during TTC staining.

Perfusion Pressure
Goal: To determine whether the lack of Evan’s Blue dye staining the not-at-risk tissue
was due to inadequate perfusion caused by too great of a pressure at the onset of
perfusion, resulting in rupture of the coronary arteries as suggested previously (Bohl,
Medway et al. 2009), which could lead to both staining of the AAR and/or poor perfusion
of the area not-at-risk.
Experiment: Using the Langendorff constant-pressure system, the heart was subjected to
a perfusion of 85 mmHg with K-H buffer. The resulting coronary flow was established
and following re-ligation of the coronary artery, three ml of 1% Evan’s Blue in K-H
buffer was perfused at this same flow rate. Following perfusion, the tissue was stained in
1% TTC for 20 min and left in 10% formalin overnight.
Results: Imaging revealed no improvement in Evan’s Blue staining following constant
pressure perfusion compared to previous perfusion methodologies suggesting pressure is
not responsible for the inadequate staining of the not-at-risk tissue with Evan’s Blue.

TTC staining Time-Course
Goal 1: To test whether the lack of Evan’s Blue in the not-at-risk tissue was due to an
inadequate perfusion of Evan’s Blue or removal of the dye during TTC staining.
Experiment 1: Using the constant pressure model previously discussed, a heart was
perfused with three ml of 1% Evan’s blue in K-H buffer followed by 1% TTC staining
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for ten min without ligation. Digitized images were taken prior to TTC staining and after
TTC staining to analyze the difference in the degree of Evan’s Blue staining of the not-atrisk tissue.

Figure 6: The effects of TTC staining on the amount of Evan’s Blue in the not-at-risk tissue. The
heart was perfused at a constant pressure with three ml of 1% Evans Blue in K-H buffer followed by
1% TTC staining for ten min without ligation. Left Tissue prior to TTC staining Right Tissue after
TTC staining

Result 1: The inadequate staining of the heart following perfusion with Evan’s Blue
appeared to be due to loss of the Evan’s Blue dye during TTC staining. This can be
visualized from the contrast of blue dye present on the heart before TTC staining and the
complete lack of dye after TTC staining. Thus, the question arises at what point in the
TTC staining procedure is the Evan’s Blue dye lost.
Goal 2: To test the time-course at which TTC staining removes Evan’s Blue dye from the
not-at-risk tissue.
Experiment 2: A heart was perfused, using the constant pressure model, with three ml of
1% Evan’s Blue in K-H buffer followed by 1% TTC staining for a total of 20 min.
Images were captured at the time points five, ten, and 20 min after the initiation of TTC
staining as well as following an overnight fixation in 10% formalin.
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Figure 7: The effect of increasing TTC incubation times on AAR determination following Evan’s
Blue perfusion. The heart was perfused with three ml of 1% Evan’s Blue in K-H buffer followed by
staining in 1% TTC. Images were captured at the following time points after the initiation of TTC
staining (from left to right): five min, ten min, 20 min TTC, and after overnight fixing in 10%
formalin.

Result 2: Following five min of TTC staining, Evan’s Blue dye is still visible in the notat-risk region of the heart. At ten min of TTC staining the delineation between AAR and
not-at-risk tissue is less distinct and thus might prevent an accurate analysis due to the
significant loss of Evan’s Blue. Further TTC staining did not appear to remove more
Evan’s Blue dye. However, these results suggest that the TTC chemical reaction is
complete following ten min of staining as seen by the lack of increase in intensity of
AAR between ten and 20 min of TTC staining.

Solution Compositions
Goal: To test the findings of previous groups in the utilization of a KCl perfusion to
arrest the heart in diastole and thus assure complete perfusion of the coronaries (Perry,
Kyoi et al. 2009).
Experiment: A heart was perfused manually at approximately seven ml/min with ten ml
of 100mM KCl followed by perfusion of 1% Evan’s Blue in 100mM KCl. Following
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perfusion, the tissue was stained with 1% TTC for ten min and digital images were
captured.

Figure 8: The effects of KCl on the perfusion of Evan’s Blue into the not-at-risk heart tissue. A heart
was perfused with 100mM KCl followed by a perfusion of 1% Evan’s Blue in 100mM KCl. KCl
impeded the full perfusion of the coronaries with Evan’s Blue.

Results: Perfusion with KCl impeded the full perfusion of the coronary tree with Evan’s
Blue. One potential reason behind this finding is that KCl is a well-established
vasoconstrictor and thus could have caused the occlusion of part of the coronary tree,
thus impeding its perfusion with Evan’s Blue. However, from this experiment it became
apparent that staining with TTC has the potential to turn the AAR heart tissue a bright red
color not previously visualized. The darker maroon color seen in the AAR of previously
stained hearts suggests that an excess of Evan’s Blue is diffusing into the TTC stain
during incubation and infiltrating the entire heart thus resulting in the inability to
demarcate AAR from not-at-risk tissue.

Conclusion:
The final experiment, combined with the findings from the previous experiments,
yielded an optimal protocol for the accurate demarcation of AAR following CAL surgery
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in aged female rats. By reducing the volume of Evan’s Blue to 200-300 µl (just enough
volume for a full blue drip to form at the apex of the heart), the AAR can be clearly
distinguished from the not-at-risk tissue (see Figure 9, right panel). The final Evan’s Blue
staining protocol involves perfusion with K-H at 85 mmHg for 60-90 sec (~10-15 ml),
re-ligation of the coronary artery, perfusion with 200-300 µl of 1% Evan’s Blue, and
rapid cardiac arrest in ice-cold saline. Following LV isolation, freezing for 30 min, and
sectioning of the LV, the slices were subjected to a TTC staining protocol which involves
submerging slices in 1% TTC at 37oC for ten min (turning every two min) and
subsequent fixation in 10% formalin overnight. This protocol results in a distinct
demarcation between AAR and not-at-risk tissue allowing for accurate and reliable
analysis of necrotic tissue death in an in vivo model of I/R in aged, female rats (Figure 9).

Figure 9: Comparison between the previous TTC protocol and the optimized TTC protocol and the
ability to distinguish AAR from not-at-risk myocardium. Left The heart was perfused with 11 ml
K-H followed by two ml Evans Blue (0.8%) in K-H. AAR cannot be delineated from the rest of the
heart slice Right The heart was perfused for 1 min 15 sec at 85 mmHg with K-H followed by a
perfusion of 210 µl of Evans Blue (1.0%) in saline. The AAR can be easily demarcated from the rest
of the heart slice.
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Infarct Analysis
Infarct analysis in the LV following 55 min of I and two h of reperfusion was assessed
using TTC staining. Heart slices were analyzed using ImageJ software. Infarct size was
quantified relative to AAR and AAR was quantified relative to total heart slice area
(Figure 10). Infarct size and AAR was found to increase with age and OVX following
I/R. It was also noted that when AAR increased so did infarct size.

Figure 10: Infarct size and AAR increases with age and OVX following I/R. OVX, ovariectomized. A
graph representing the infarct size and AAR changes following I/R shows an increase in infarct size
and AAR in aged and aged OVX rats with 55 min I and two h reperfusion. Infarct is expressed as a
percentage of AAR.

DNA laddering Analysis
Apoptotic cell death in LV tissue taken from the border zone and remote area was
assessed following I/R injury (55 min I; 6 hr R) through DNA laddering. Gels were run
comparing adult, aged and aged OVX samples. Qualitative assessment of the DNA
laddering gels indicated that apoptotic cell death is not prevalent in aged OVX rats
following I/R injury whereas it appears to be more prevalent in the adult and aged groups.
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A total of n=4 sets of samples were analyzed and apoptosis was present in the aged and
adult groups in three out of four of these sample sets and was only present in the aged
OVX group in one out of four of these sample sets. Apoptosis was primarily localized to
the border zone tissue compared to the remote tissue. The DNA laddering gel presented
in Figure 11 is a representative image illustrating that apoptotic cell death was present in
the adult and aged rats following I/R injury.

Figure 11: Apoptosis is decreased in aged, E2-deficient rats following I/R injury. BZ, Border zone; R,
remote; MW, molecular weight marker; OVX, ovariectomized. A representative image of LV
apoptosis using DNA laddering illustrating the presence of apoptotic cell death in adult and aged
female rats following I/R injury (55 min I; 6 h R) (n=4).

TUNEL Analysis
TUNEL staining was used to quantitatively assess cardiomyocyte apoptosis in adult
(n=3), aged (n=3) and aged OVX (n=2) female rats. Tissue was taken from the remote
and border zone areas of the LV following 55 min I and six h R. Apoptosis was
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quantified as a fold-increase of border zone apoptotic cardiomyocytes compared to
remote apoptotic cardiomyocytes. Cardiomyocyte apoptosis decreased with age and OVX
(Figure 12). No statistical difference was seen between adult and aged (p=0.18), however
there was a tendency for increased apoptotic cardiomyocytes in adult vs. aged OVX
(p=0.09).

G.

Figure 12: Cardiomyocyte apoptosis decreases with age and OVX. TMR, tetramethylrhodamine red
fluorescent dye; OVX, ovariectomized. A,C,E) Apoptotic nuclei in adult, aged and aged OVX border
zone tissue following 55 min I and six h R. B,D,F) Cardiomyocyte apoptosis in adult, aged and aged
OVX border zone tissue following 55 min I and six h R. G) Fold increase of cardiomyocyte apoptosis
in border zone tissue relative to remote tissue showed a decrease in cardiomyocyte apoptosis with age
and E2-deficiency.
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Autophagy Analysis:
The expression of autophagic proteins was assessed using western blotting of LV tissue
following 55 min I and six h R (n=4-5/group). Cytosolic fractions (LC3B and Cathepsin
D) and total fractions (Apg5, Beclin-1 and LC3B) were electrophoresed on SDS-gels and
the changes in protein levels were assessed. Preliminary findings suggest that following
I/R, autophagy is up-regulated with age as seen by the increased levels of Beclin-1 and
LC3B. Atg5 protein was not detected in hearts isolated from adult or aged female rats.

Figure 13: Preliminary data suggests that following I/R autophagy is up-regulated with age. LC3B,
microtubule associated protein 1 light chain 3; OVX, ovariectomized. LV tissue subjected to 55 min I
and six h R was assessed through western blotting for autophagic proteins Beclin-1, LC3B, Cathepsin
D and Atg5 (no signal was detected so data is not shown). Following I/R Beclin-1 and LC3B appear to
be up-regulated with age as seen by the increased protein levels in aged vs. adult female rats.
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Discussion
The main purpose of this research was to quantify and determine the relative
contributions of necrotic, apoptotic, and autophagic cell death to the overall injury seen
following I/R in a model of age-associated E2-deficiency. Our preliminary assessment of
cell death mechanisms involved in MI suggests that autophagy and necrosis contribute
more to I/R injury with age and E2-deficiency than apoptosis, and that apoptosis is more
dominant in the adult heart following the same I/R event. A secondary purpose of this
investigation was to optimize the protocol used for necrotic cell death analysis because
we were unable to delineate AAR from not-at-risk myocardium using alternate protocols.
Through a subset of experiments we were able to establish parameters that allow for the
accurate assessment of infarct size in our in vivo rodent model of CAL in age-associated
E2-deficiency.
During the research procedure we determined early on that we did not have an
efficacious protocol for the assessment of infarct size through TTC staining. Methods
obtained from our previous TTC protocol (used with an isolated heart preparation model
of global ischemia), from information in the literature, and through trial and error had
generated a protocol involving 0.8% Evan’s Blue dye in K-H Buffer followed by 20
minutes of 1% TTC staining. This protocol did not produce data that could be accurately
assessed for determination of infarct size; there was little to no delineation between AAR
and not-at-risk myocardium. Without knowledge concerning the area of the heart slice at
risk, infarct determination was unreliable since AAR is one of the determinants of infarct
size. To rectify this, experiments were performed that included variations in
concentration of Evan’s blue dye, perfusion pressure, TTC intubation times and the
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perfusates used. Based on the results from these experiments, an optimized protocol was
established as follows: 200-300 µl of Evan’s Blue dye perfused at a constant pressure
followed by ten minutes of 1% TTC staining at 37oC. While other protocols and
variations in staining parameters might produce similar results, we have found that this
protocol generates hearts with clearly established borders between AAR and not-at-risk
myocardium allowing accurate assessment of necrotic cell death.
Analysis of necrotic cell death revealed a greater infarct size in aged vs. adult rats.
The AAR was similar between groups and when AAR was larger, infarct size was also
increased. Limitations to the analysis of necrotic cell death included our inability to
properly assess infarct size relative to AAR in all of the hearts stained and thus an
inability to use every heart for data analysis. Due to problems with protocol optimization,
the number of hearts in each group was low and the analysis in some hearts was more
subjective than ideal. However, the age-related increase in infarct size following I/R is
supported by previous findings in our lab using an isolated heart model with female rats
(Novotny, Simpson et al. 2009). A study comparing aged (18 mo) and adult (2 mo) male
mice found no difference in necrosis of cardiomyocytes between the groups (Boyle, Shih
et al. 2011), however this result might be due to the lack of I/R injury to induce necrosis
and the gender and model of animal. Previous findings in our lab have also shown an
increased infarct in OVX compared to ovary-intact rats following I/R (Novotny, Simpson
et al. 2009) which we expected to see. The lack of effect of E2-deficiency on infarct size
might be due to the low number of hearts in each group (thus a larger sample size is
needed to accurately assess the impact of age and E2-deficiency on infarct size in our in
vivo model). Alternatively, relative E2-deficiency which occurs in the aged ovary-intact
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group may have been sufficient to allow effects to become manifest. Despite these
limitations, we conclude that necrotic cell death dominates I/R injury in all groups.
With age and E2-deficiency, apoptosis was found to decrease. Qualitative
assessment of apoptotic cell death following I/R injury showed that apoptosis was present
in the adult and aged groups but not the aged OVX group following I/R injury. One of the
limitations of DNA laddering is the inability to quantify the amount of apoptosis
occurring thus we also performed TUNEL staining on the same tissue. TUNEL staining
confirmed DNA laddering results and suggests that with both age and OVX,
cardiomyocyte apoptosis decreases in the border zone tissue. These findings may have
potentially important implications for future therapeutic strategies to treat MI, however
further research is needed to more completely characterize apoptotic cell death in our
model of age-associated E2-deficiency.
From our preliminary results it appears that following I/R, autophagy is upregulated with age. Based on western blot analysis, increases in Beclin-1 and LC3 were
seen in aged and aged OVX hearts compared to adult hearts with no change in cathepsin
D levels. There did not appear to be an effect of more severe levels of E2-deficiency.
Beclin-1 and LC3 are both involved in autophagosome assembly and formation (Dong,
Undyala et al. 2010) and thus indicate an increased amount of autophagosomes present in
the cell with age. However, the lack of increase in cathepsin D levels suggests that this
may not be indicative of an increase in autophagy but instead may represent dysfunction
in the lysosomal pathway of autophagy (Zhu, Rothermel et al. 2009). Further research
with larger sample sizes as well as quantification of the results is needed to elucidate
whether or not there is an actual up-regulation in autophagy following I/R with age.
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The results of this study were surprising and not in-line with what we
hypothesized. The decrease in apoptosis with age and E2-deficiency goes against our
hypothesis that all forms of cell death would dominate in our aged, OVX group. Previous
research contradicts our findings by suggesting that, following I/R, apoptosis increases
with age (Azhar, Gao et al. 1999) and E2-deficiency (Bouma, Noma et al. 2010). Our
results are further contradicted by findings that old age alone is associated with an
increase in apoptosis (Kajstura, Cheng et al. 1996; Nitahara, Cheng et al. 1998).
However, another study showed that aging male mice (18 mo) did not differ in the
amount of cardiomyocyte apoptosis compared with young (2 mo) male mice despite
finding indicators suggesting a predisposition towards apoptosis (Boyle, Shih et al. 2011).
The discrepancy between our results and these studies might be due to gender, animal
model or the experimental protocol followed.
A study analyzing cell death in 100 humans suffering from idiopathic dilated
cardiomyopathy and chronic heart failure supports our findings that necrosis and
autophagy may play bigger roles than apoptosis in heart damage (Vigliano, Cabeza
Meckert et al. 2011). This study looked at apoptosis, autophagy (referred to as autophagic
vacuolization which was defined as cardiomyocytes with “large cytoplasm vacuoles
containing ubiquitin-positive material”) and oncosis (equivalent to necrosis in our study)
(Vigliano, Cabeza Meckert et al. 2011). The patients in this study were a combination of
men and women aged 42.48 ± 15.38 years (Vigliano, Cabeza Meckert et al. 2011). The
major finding of this study was that the presence of autophagic vacuolization in the heart,
alone or with oncosis, was an independent predictor of death in these patients (Vigliano,
Cabeza Meckert et al. 2011). Furthermore, the study found a very low amount of
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apoptosis with a greater prevalence of oncosis and autophagy in these hearts (Vigliano,
Cabeza Meckert et al. 2011). While the low level of apoptosis could be attributed to the
stage of heart failure the patients were in (Vigliano, Cabeza Meckert et al. 2011), it
supports and might be mechanistically-related to the low levels of apoptosis we found
with age and E2-deficiency following I/R, especially considering the age of the patients
assessed. This study also claims uncertainty about whether or not the autophagy seen
plays a protective or detrimental role with a predisposition towards it being detrimental,
but claiming that it is likely dependent on the level of heart failure (Vigliano, Cabeza
Meckert et al. 2011). Nevertheless, the results of Vigliano and colleagues suggest that
autophagy is somehow connected with overall heart injury seen by its role as an
independent predictor of mortality both alone and in conjunction with oncosis (Vigliano,
Cabeza Meckert et al. 2011). Based on the age of their patients, this supposition provides
support for the idea that autophagy plays a greater role in heart injury with age.
Based on our findings we suggest that autophagy and necrosis control I/R injury
in aged, E2-deficient female rats. Claims have been made that while autophagy is
important in overall homeostasis within the cell, there is a threshold of autophagic
activity that, if reached, can result in damage and destruction of cells (Kostin 2011).
While we do not refute that autophagy might play a protective role during I/R we suggest
that it reaches this “threshold” at some point during the event and thus contributes to the
increased I/R injury seen with age and E2-deficiency. The mechanisms that control the
role autophagy plays in I/R injury are still being determined. In addition, in an editorial
comment, Kostin suggests the possibility of combined cell death pathways, such as
autophagy in conjunction with necrosis, or factors within the cell altering the cell death
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pathway (Kostin 2011). The idea of cross-talk between cell death pathways could explain
the results seen in our study as well as shed light on the contradictory results seen when
assessing the contributions of cell death to different stresses.
According to a review by Gustafsson and Gottlieb, there appears to be a pattern of
autophagy increasing with a decrease in apoptosis as well as activation of both cell death
pathways in response to the same stimuli (Gustafsson and Gottlieb 2008). This
observation directly relates to our findings of an increase in autophagy and a decrease in
apoptosis with age. However, the mechanisms behind this relationship, if one exists, are
unknown. It has been suggested that certain proteins could act as links between apoptosis
and autophagy. One such link could be the interaction of Beclin-1 with Bcl-2 and/or BclXL (Gustafsson and Gottlieb 2008). Another site of cross-talk might be through BH3-only
proteins which induce apoptosis and include proteins such as Bad and Bnip3 (Gustafsson
and Gottlieb 2008). These proteins are suggested to increase autophagy levels, potentially
through interaction with Beclin-1 (Gustafsson and Gottlieb 2008). A final link that has
been suggested to exist between apoptosis and autophagy is through the Atg5 autophagic
protein and its ability to initiate apoptosis independent of autophagy (Gustafsson and
Gottlieb 2008). The interaction of these proteins support the idea that apoptosis and
autophagy are somehow related and that factors that induce or inhibit one form of cell
death could affect the other form of cell death. This cross-talk could explain and play a
role in the decrease in apoptosis and subsequent increase in autophagy we saw with age
and E2-deficiency.
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Conclusions
1) An optimal TTC staining protocol for the analysis of infarct size following in vivo
CAL in a rodent model of age-associated E2-deficiency involves 200-300 µl of
1% Evan’s Blue dye followed by ten minutes of TTC staining at 37oC
2) Autophagy and necrosis are up-regulated with age following I/R while apoptosis
is decreased with age and OVX. Despite the lack of supporting evidence, we
believe necrosis dominates I/R injury in adult, aged and aged OVX female rats.

Summary
According to our working model (Figure 14), we suggest that autophagy and necrosis
play a larger role in the increased I/R injury seen with age and E2-deficiency.

Figure 14: Working model of the contributions of the different types of cell death to I/R injury in
adult, aged and aged OVX female rats. OVX, ovariectomized. Necrotic and autophagic cell death
play a greater role in I/R injury with age and E2-deficiency while apoptotic cell death decreases with
age and E2-deficiency. In all groups necrotic cell death dominates overall I/R injury.
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Future Directions
1) Inclusion of a middle-aged E2-deficient group of female rats to better characterize
and quantify the effects of the menopausal transition on cell death following MI.
2) To vary the duration of ischemia and reperfusion, as well as determine the
independent effects of ischemia vs. reperfusion on the initiation and magnitude of
necrotic, apoptotic and autophagic cell death, respectively, following I/R injury in
aged female rats.

Note: For purposes of understanding and clarity, abbreviations within quotations used in this
paper have been altered to their full title along with other minor changes of quoted phrases.
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