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ABSTRACT
Post-menopausal women exhibit reduced tolerance to myocardial ischemia
reperfusion injury. Few studies have examined the effects of age-associated estrogen
deficiency on innate inflammatory responses, which largely determine the extent of
ischemic damage and the efficacy of wound healing. To assess the combined impact of age
and estrogen loss on innate inflammatory response to myocardial I/R, adult (5 – 6 mo) and
aged ovariectomized (OVX at 15 mo, aged to 24 mo) female F344 rats underwent coronary
artery ligation (CAL) to induce ischemia-reperfusion injury. Both adult (n = 26) and MO
OVX (n = 29) rats underwent either 31 min or 55 min of ischemia, followed by 10 min, 6
h, 24 h, or 72 h of reperfusion. Rat serum was collected and used to measure baseline and
post-I/R circulating inflammatory cytokine concentrations. Immunohistochemistry
staining of left ventricle (LV) sections was used to detect infiltrating immune cells.
Western blot analysis of homogenized LV samples was conducted to assess changes in
expression of proteins associated with the inflammatory response, including pro-caspase1 and p20. Further, cultured macrophages derived from bone marrow (BMDM) and spleen
(SM) of non-ischemic adult and MO OVX rats were stimulated for either 6 or 24 h with a
combination of LPS and IFNγ or vehicle in order to assess macrophage polarization and
function. BMDM cultured from aged, estrogen deficient rats exhibited blunted production
of IL-1β (p<0.05) and IL-6 (p<0.05) following 24 h stimulation with LPS and IFNγ
compared to macrophages cultured from young adults. Similarly, MO OVX SM showed
blunted production of IL-1β (p<0.01) following 6 h incubation with LPS and IFNγ,
suggesting age-associated estrogen deficiency may impair macrophage responses to acute
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inflammatory stimuli. Additionally MO OVX rats exhibited elevated baseline serum
concentrations of IL-10 (p<0.05) and TNFα (p<0.05) relative to adult counterparts. Further,
age-associated estrogen deficiency resulted in increased production of IL-1β (p<0.05) and
TNFα (p<0.05) relative to adults, following 6 h and 10 min reperfusion respectively. Taken
together, these findings suggest aging and estrogen withdrawal combined may contribute
to the development of a chronic inflammatory phenotype, which could potentiate an
exacerbated inflammatory response in the female rat heart.
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Chapter 1
Introduction
Cardiovascular disease (CVD) is the leading cause of death worldwide1,2,
accounting for 30.8 percent or approximately 1 in 3 deaths in the United States in 20133.
Within the spectrum of cardiovascular diseases, coronary artery disease or myocardial
infarction (MI) is the leading cause of death, accounting for 46.2 percent of CVDassociated deaths and approximately 1 in 7 deaths in the United States in 20133. CVD
incidence and mortality increases dramatically with aging; however, aging may affect men
and women differently regarding CVD susceptibility4. Menopausal transition and agedependent loss of estrogen in women is strongly correlated with a reversal in CVD
prevalence. In younger populations, prevalence of CVD, as well as morbidity and mortality
associated with CVD, is far greater in males than in age-matched females5. Premenopausal
women exhibit decreased left ventricular hypertrophy and adverse cardiac remodeling
following MI6. However, in aged female populations that have experienced menopause and
the loss of estrogen, the prevalence and severity of CVD increases dramatically eventually
exceeding that in age-matched men7–10. After 45 years of age, women are more likely to
die within one year of their first MI compared to age-matched men and are also more likely
to experience recurrent coronary heart disease3.
Evidence from animal models suggests that estrogen withdrawal is tightly linked
with increased susceptibility to CVD, including reduced ischemic tolerance11–13.
Surgically-induced estrogen deficiency through ovariectomy (OVX) exacerbates cardiac
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injury following MI in both mice and rats, showing decreased left ventricular (LV)
developed pressure and greater infarct size relative to sham counterparts14,15. Data from
our laboratory supports these findings. Following myocardial ischemia-reperfusion (IR)
injury, aged OVX female F344 rat hearts exhibited greater infarct size and diminished
cardiac function relative to ovary intact aged females, suggesting an additive adverse effect
of aging and OVX combined11. Other studies also demonstrate that OVX in rat models is
associated with increased pro-inflammatory markers, which could contribute to reduced
ischemic tolerance and impaired cardiac function16,17.
Although estrogen withdrawal appears to underlie increased CVD susceptibility
among post-menopausal women, evidence suggests that hormone replacement therapy
(HRT) with exogenous estrogen is very ineffective in reducing the incidence and severity
of CVD in elderly post-menopausal female populations18,19. Variables including the timing
of hormone replacement and hormone formulation administered have each been postulated
to confound the efficacy of HRT. Notably, several studies in both humans and murine
models demonstrate that late estrogen replacement exacerbates comorbidities including
cancer, as well as chronic inflammation17,20,21. Ultimately, due to significant inconsistency
and potential dangers of HRT, it is imperative that alternative therapeutic options for CVD
in aged, estrogen deficient women are explored.
A potential therapeutic intervention for MI is modulation of the inflammatory
response during reperfusion. I/R injury severely damages the myocardium, leading to
necrotic cell death and a significant, biphasic inflammatory response which is largely
regulated by selectively recruited immune cells. The impact of age-associated estrogen
deficiency on the systemic inflammatory response to MI remains poorly understood.
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Statement of the Problem

Aging and estrogen withdrawal in women are strongly linked to increased
susceptibility to CVD and reduced ischemic tolerance in aged women, with mortality
exceeding that of age-matched men following the menopausal transition. Studies
implementing HRT have produced conflicting results and inconsistent efficacy, further
supporting the need for alternative therapeutic interventions. The severity of MI is normally
modulated by an efficient inflammatory response, however the combined effects of aging
and estrogen withdrawal on inflammation and immune cell function may potentiate an
aberrant response that exacerbates I/R-induced damage. Evidence suggests that aging and
estrogen deficiency contributes to the development of a chronic inflammatory state,
characterized by elevated basal levels of pro-inflammatory cytokines. Further, aging and
estrogen loss may impair immune cell function and responses to acute inflammatory
stimuli, culminating in dysregulated wound healing. Currently, the specific impact of ageassociated estrogen deficiency on the innate immune system inflammatory response to
myocardial I/R injury and the implications for post-I/R cardiac function are unknown.

Specific Aims and Hypotheses

Specific Aim 1: To determine the impact of age-associated estrogen deficiency on
macrophage phenotypic plasticity/polarization in inflammatory responses to myocardial
I/R injury.
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Hypothesis 1: Age-associated estrogen deficiency will impair polarization and
functional response of circulating and splenic macrophage populations in vitro.
Hypothesis 2: Diminished macrophage function and polarization will correlate
with impaired resolution of pro-inflammatory signaling post-MI.

Specific Aim 2: To determine the impact of age-associated estrogen deficiency on the
timing and magnitude of innate immune cell infiltration following myocardial I/R injury.
Hypothesis: Age-associated estrogen deficiency will impair macrophage and
neutrophil chemotaxis to the infarct following myocardial I/R, leading to a delayed
influx of pro-inflammatory innate immune cells.
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Chapter 2
Review of Literature

Aging and CVD in men and women
Cardiovascular disease (CVD) is the leading cause of death worldwide1,2,
accounting for 30.8 percent or approximately 1 in 3 deaths in the United States in 2013 3.
Within the spectrum of cardiovascular diseases, coronary artery disease or myocardial
infarction (MI) is the leading cause of death, accounting for 46.2 percent of CVDassociated deaths and approximately 1 in 7 deaths in the United States in 20133. CVD
incidence and mortality increases dramatically with aging; however, aging may affect men
and women differently regarding CVD susceptibility4. Menopausal transition and agedependent loss of estrogen in women is strongly correlated with a reversal in CVD
prevalence trend. In younger populations, prevalence of CVD, as well as morbidity and
mortality associated with CVD, is far greater in males than in age-matched females5.
Premenopausal women exhibit decreased left ventricular hypertrophy and adverse cardiac
remodeling following MI6. However, in aged female populations that have experienced
menopause and the loss of estrogen, the prevalence and severity of CVD increases
dramatically eventually exceeding that in age-matched men7–10. After 45 years of age,
women are more likely to die within one year of their first MI than age-matched men and
are also more likely to experience recurrent coronary heart disease3.
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Evidence from animal models suggests that estrogen withdrawal is tightly linked
with increased susceptibility to CVD, including reduced ischemic tolerance11–13.
Surgically-induced estrogen deficiency through ovariectomy (OVX) exacerbated MI injury
in both mice and rats, showing decreased developed pressure and increased infarct sizes
relative to sham counterparts14,15. Data from our laboratory supports these findings.
Following myocardial ischemia-reperfusion (IR), aged OVX female F344 rat hearts
exhibited greater infarct size and diminished cardiac function relative to heart from aged,
intact female rats, suggesting an additive adverse effect of aging and OVX combined11.
Other studies also demonstrate that OVX in rat models is associated with increased proinflammatory markers, which could contribute reduced ischemic tolerance and impaired
cardiac function16,17.
Although estrogen withdrawal appears to underlie increased CVD susceptibility
among post-menopausal women, evidence suggests that hormone replacement therapy
(HRT) with exogenous estrogen is very ineffective in reducing the incidence and severity
of CVD in elderly female populations post-menopause18,19. Variables including the type of
menopause treated, the timing of hormone replacement, and composition of hormones
administered all have confounded interpretation of the efficacy of HRT. Several studies in
both humans and murine models demonstrate that late estrogen replacement exacerbates
comorbidities including cancer, as well as chronic inflammation17,20,21. Ultimately, due to
significant inconsistency and potential dangers of HRT, it is imperative that alternative
therapeutic options for CVD in aged, estrogen deficient women are explored.
Currently, the impact of age-associated estrogen deficiency specifically on the
inflammatory response to MI remains poorly understood. The purpose of this review is to
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examine cell death mechanisms and the resulting innate immune cell-mediated
inflammatory response in myocardial ischemia-reperfusion (IR) injury, addressing the
potential effects of aging and estrogen withdrawal while highlighting prospective sites of
therapeutic intervention.

Cell Death Mechanisms in Myocardial I/R
Ischemia and reperfusion during MI injury severely damages the myocardium,
leading to both necrotic and apoptotic cell death. During MI, the coronary artery becomes
occluded, depriving the tissues of oxygen (ischemia) and nutrients while preventing the
clearance of metabolic waste products. In the absence of the final electron acceptor in the
electron transport chain, ischemia leads to ATP depletion and dysregulation of the
intracellular ion balance, culminating in necrotic cell death. Reperfusion, or the reestablishment of blood flow to the ischemic area, paradoxically exacerbates cellular
damage, as the return of oxygen creates a surge in reactive oxygen species (ROS)
production, which also contribute significantly to cell death mechanisms22. I/R-induced
cell death occurs in both cardiomyocytes and non-myocytes within the ischemic area and
the areas at risk immediately adjacent to the infarct zone.

Apoptosis
In myocardial I/R, apoptotic signaling cascades are initiated by death ligands and
external stress stimuli, which activate both extrinsic and intrinsic signaling pathways
respectively. During extrinsic pathway of apoptosis, death ligands, including Fas ligand
(FasL), tumor necrosis factor (TNFα), and TNF-related apoptosis-inducing ligand
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(TRAIL), bind their respective receptors at the cardiomyocyte cell membrane. Homotypic
protein interactions between receptors and the death domains of adaptor proteins recruit
and activate procaspase-8, forming caspase-8 after two cleavage events. Caspase-8 in turn
cleaves procaspase-3, activating caspase-3, a downstream effector caspase. Caspase-3
cleaves inhibitor of caspase activated DNase (ICAD), allowing nuclear translocation of
caspase-activated DNase (CAD). CAD ultimately degrades nuclear DNA leading to cell
death23,24.
Unlike the extrinsic pathway of apoptosis, the intrinsic pathway is activated by cell
stress (toxins, hypoxia, ROS, etc.) and is mediated by the mitochondria. Multiple studies
provide evidence that hypoxia and oxidative stress promote the aggregation of p53, a
transcription factor that upregulates expression of apoptosis-associated genes, including
Bax and APAF25,26. Cell stress triggers translocation of Bak, and Bax to the outer
mitochondrial membrane, where these pro-apoptotic proteins aggregate to form pores. Pore
formation allows the release of cytochrome c, which binds to APAF1 and initiates the
formation of the apoptosome protein complex. Oligomerization of cytochrome c and
APAF-1 protein complexes recruit and activate procaspase-9. Activated caspase-9, similar
to caspase-8 in the extrinsic pathway, activates caspase-3 through cleavage of pro-caspase3. The convergence of both apoptotic pathways on caspase-3 leads to DNA and cellular
fragmentation and ultimately causes cell death. Apoptotic cell death is characterized by
cell shrinkage and dissociation to membrane-enclosed apoptotic bodies23,24. Inflammation
is not usually associated with apoptosis, as cell rupture and release of alarmins or damage
associated molecular patterns (DAMPs) are not hallmarks of apoptotic cell death.
Apoptosis is typically assessed by terminal deoxynucleotidyl transferase dUTP nick end

9

Figure 2-1. Summary of intrinsic and extrinsic signaling pathways in apoptotic cell death.
Figure copied from Whelan et al. 201023.
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labeling (TUNEL) and agarose gel electrophoresis, which detect CAD-mediated DNA
fragmentation (laddering).

Necrosis
While cardiomyocyte apoptosis does occur following myocardial IR, evidence
suggests the necrotic cell death is the predominant mechanism of cell death. During
ischemia, ATP depletion and anaerobic metabolism disrupt intracellular ion regulation,
promoting significant increases in intracellular sodium. Elevated intracellular sodium
reverses the directionality of the sodium-calcium exchanger at the cell membrane, causing
more calcium to be brought into the cell22. Intracellular calcium overload triggers the
opening of the mitochondrial permeability transition pore (MPTP), causing marked
mitochondrial swelling, dissipation of the mitochondrial membrane potential, and severe
ATP depletion12,27,28. Reperfusion, while restoring blood flow and oxygen availability to
the ischemic area of the myocardium, paradoxically exacerbates MI injury. Exposing
already impaired cardiomyocytes to oxygen creates a surge in ROS production from the
electron transport chain, contributing to MPTP opening, ATP depletion, and cell damage.
Ultimately, severe ATP depletion and the resulting intracellular ion imbalance leads to
lysosomal protease release and cell swelling, culminating in the rupturing of the plasma
membrane23,24.
While necrosis can be largely unregulated, recent evidence suggests that necrotic
cell death can also be programmed and orchestrated by same death ligands that activate
apoptosis signaling cascades, depending on context. TNFα binding of TNFRs recruits
adaptor proteins through death domain interactions, forming protein complex I containing
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TRADD, RIP-1, TRAF2, and cIAPs. Endocytosis of protein complex I, dissociation of the
death receptor, and deubiquitination of RIP-1 culminates in the formation of protein
complex II. FADD, procaspase-8, and RIP-3 are also recruited to complex II via death
domains. If caspase-8 is activated through cleavage of procaspase-8, it cleaves RIP-1 and
RIP-3, and the signaling pathway proceeds to apoptosis; however, if procaspase-8 is
inhibited pharmacologically or genetically, RIP-1 and RIP-3 are allowed to mediate
interdependent phosphorylation events. Phosphorylated RIP-1 and RIP-3 through
undetermined mechanisms contribute to ROS production and MPTP opening, culminating
in necrotic cell death28,29.

DAMPs and PRRs
Necrotic cell death caused by myocardial IR injury is characterized by a rapid
release of ROS and damage associated molecular patterns (DAMPs), initiating a robust
inflammatory response30–32. DAMP ligands include various heat shock proteins (HSPs)33–
35

, high mobility group box 1 (HMGB1)36,37, mtDNA38, and hyaluronan/extracellular

matrix (ECM) fragments39–41, which can be passively released during the process of
necrosis or actively secreted during cell stress through exosome and lipid raft mechanisms.
DAMP signaling cascade is sensed and transduced by pattern recognition receptors
(PRRs), a class of intracellular and plasma membrane-bound receptors expressed by
professional innate immune cells (macrophages and neutrophils) and non-professional
immune cells, including cardiomyocytes, fibroblasts and endothelial cells. Toll-like
receptors (TLRs) are the major class of PRRs and central mediators of inflammatory
signaling cascades following necrotic cell death in the infarcted heart30–32. Western blotting
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Figure 2-2. Summary of necrosis signaling pathways, including TNFR-mediated
programmed necrosis. Figure copied from Whelan et al. 201023.
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and polymerase chain reaction (PCR) evidence confirms TLR2 and TLR4 are the most
prevalent extracellular PRRs in human heart tissue, highlighting these specific receptors as
key mediators of the inflammatory cascade42.
TLR signaling can be divided into two distinct pathways, depending specifically on
the adaptors proteins that are recruited. Upon ligand binding, TLRs form homo- or
heterodimers and recruit one or more protein adaptors through homotypic protein
interactions between Toll/IL-1 receptor (TIR) domains. The protein adaptors that can be
recruited in this manner are myeloid differentiation primary response gene 88 (MyD88),
MyD88 adaptor-like protein (MAL/TIRAP), TIR-domain-containing adaptor protein
inducing interferon-beta (TRIF), and TRIF-related adaptor molecule (TRAM). Both TLR2
and TLR4 signaling cascades are mediated by the common MyD88-dependent pathway,
which is the predominant TLR mechanism in myocardial IR. Upon ligand binding and
receptor dimerization, recruited adaptor TIRAP acts as a scaffold to recruit MyD88.
MyD88 in turn recruits several IL-1 receptor-associated kinases (IRAKs). IRAK4
phosphorylates IRAK1 and IRAK2, promoting the recruitment of TRAF6. TRAF6 autoubiquitination recruits and activates transforming growth factor beta-activated kinase 1
(TAK1). TAK1 phosphorylates the IKK complex, which in turn phosphorylates of IkB,
inhibitor of transcription factor nuclear factor-kappa B (NF-κB)30–32. Phosphorylation of
IkB targets the inhibitor for proteosomal degradation, permitting nuclear translocation of
NF-κB 43,44. TLR4 specifically can also activate NF-κB downstream via a second, TRIFdependent signaling pathway. After initial MyD88 signaling, TLR4 is endocytosed and
translocates to the endosome. After endocytosis of the receptor, TRIF can associate with
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TRAF3 and TRAF6, recruiting TAK1 and ultimately leading to late phase NF-κB
activation31.
Several studies in murine models of myocardial IR demonstrate the significant
influence TLRs have in mediating IR-induced damage. In an ex vivo model of myocardial
IR, TLR2-/- mice showed improved left ventricular (LV) function relative to wild type mice
following I/R45. Similarly, TLR2-deficient mice exhibited smaller infarct sizes, reduced
ROS production, and decreased leukocyte infiltration following myocardial I/R46,47.
Furthermore, administration of anti-TLR2 antibody conferred protection in vivo against I/R
injury, showing attenuated inflammatory cytokine production and apoptotic protein
expression48. Several studies implicate TLR4 in mediating myocardial I/R induced damage
as well. TLR4 deficient mice sustained significantly smaller infarcts and had attenuated
inflammation following myocardial I/R49,50. Similarly, blocking TLR4 signaling with
eritoran, a TLR4 specific antagonist, resulted in the development of smaller infarcts,
reduced NF-κB translocation, and decreased pro-inflammatory cytokine production51. This
result is consistent even in an isolated heart model of global I/R. TLR4 deficient hearts
exhibited improved cardiac function relative to wild type hearts, which was associated with
attenuated increases in TNFα and IL-1βeta; however, administration of exogenous TNFα
and IL-1βeta reversed this cardio protective effect of TLR4 deletion against global
ischemia52. MyD88, as a central mediator of TLR signaling, has also been implicated in
contributing to myocardial I/R injury. In mouse models of myocardial I/R, blocking
MyD88 resulted in the development of significantly smaller infarcts relative to wild type
mice. This result was associated with better LV function and reduced production of
inflammatory cytokines and chemokines as well following I/R53–55.
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In addition to the extracellular, plasma membrane-bound receptors that mediate
DAMP signaling, nucleotide-binding oligomerization domain receptors (NLRs), a class of
intracellular PRRs, also may contribute to inflammatory cascade56,57. NLR function in the
context of myocardial IR is two-fold; NLR signaling converges on NF-κB, along with TLR
and TNFR signaling, and also mediates the formation of the inflammasome, a cytosolic
protein complex that serves to activate caspase-158. Activated caspase-1 plays an integral
role in the maturation of pro-cytokines, cleaving pro-IL-1βeta and pro-IL-18 to form active
IL-1βeta and IL-18, which are potent pro-inflammatory cytokines32. The extent of NLR
signaling and NLR-activated inflammasome activity in myocardial IR remains poorly
understood. While some studies submit that the human heart has limited expression of
NLRs and inflammasome components, others have observed inflammasome activity
implicated in inflammatory response to ischemic insults. Pharmacologic inhibition of
inflammasome formation in a murine model of myocardial I/R reduced infarct size and
prevent adverse remodeling59. Another study demonstrated that inflammasome activity
was induced both in vivo and in vitro specifically in cardiac fibroblasts following I/R and
contributed to infarct development60. Further investigation is required to elucidate the full
role of NLRs in the inflammatory response to myocardial IR.

The Central Role of NF-κB
Ultimately, DAMP release from MI-induced necrosis and the resulting PRRmediated signaling cascades all converge on NF-κB, a family of inducible transcription
factors that regulates cell survival, inflammatory responses, proliferation, and
differentiation. NF-κB exists in the cytosol as either homo- or hetero-dimers of five related
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protein subunits: p50, p52, p65, RelB and c-Rel. Canonical NF-κB signaling involves the
most prevalent heterodimer of p50 and p6561. In the absence of a stimulus, NF-κB dimers
are bound by the inhibitor of kB (IkB) proteins, which prevent NF-κB nuclear translocation
and binding of target DNA sequences. The IkBa isoform specifically promotes cytoplasmic
localization of p65-p50 heterodimer via its own nuclear export sequence and by masking
the nuclear localization sequence of p65 subunit. During IR however, DAMPs, death
ligands, pro-inflammatory cytokines, and ROS all simulate their respective receptors,
including TNFR, TLRs, NLRs, and IL-1R, which serve to activate NF-κB. These signaling
pathways converge on TAK1 upstream of IkB-NF-κB complex. TAK1 phosphorylates a
subunit of the IkB kinase complex (IKK), leading to the IKK-mediated phosphorylation of
IkB. Phosphorylation of IkB promotes K48-linked ubiquitination by ubiquitin ligase
complexes, targeting the NF-κB inhibitor for proteosomal degradation and NF-κB itself to
the nucleus. IkB proteins are essential for canonical NF-κB signaling not only as negative
regulators to prevent chronic NF-κB activation, but also as inducible regulators, which help
modulate rapid responses to acute stimuli43,44.
After IkB degradation, NF-κB transcriptional activity can be further modulated by
post-translational modifications, as well as interactions with co-activators and corepressors. Phosphorylation of p65 by PKA promotes physical interaction with histone
acetyltransferase (HAT) coactivators, CBP and p300. Acetylation of lysine residues on the
p65 subunit also enhances NF-κB transcriptional activity, specifically by preventing IkB
binding and inhibition62. Following myocardial IR, activated NF-κB induces the expression
of a myriad of genes that promote inflammation and cell survival. NF-κB-mediated upregulation of pro-inflammatory cytokines, most notably TNFα, IL-1βeta, and IL-6, serves
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to propagate the pro-inflammatory signaling cascade and stimulate infiltrating immune
cells. NF-κB also induces expression of cell adhesion molecules (ICAM1, VCAM1, Eselectins), and chemokines (IL-8, MCP-1), which facilitate the recruitment and infiltration
of immune cells to the infarct site61. In murine models, pro-inflammatory cytokines reach
peak levels at variable time points. Following 1 hour of surgically-induced ischemia,
C57/BL6 mouse hearts showed peak expression of pro-inflammatory cytokines TNFα, IL1β, and IL-6 at 6 hours after reperfusion63. In this study, at the peak of the inflammatory
response TNFα mRNA expression levels were 3 fold higher than sham. IL-1β and IL-6
showed a more robust up-regulation, increasing 20-fold relative to sham heart expression
levels63. In another study, TNFα was shown to peak as early as 1 hour after reperfusion,
while IL-1β was shown to peak at 24 hours after reperfusion64. Pro-inflammatory cytokine
decline is consistently observed 24 to 72 hours after reperfusion, reflecting repression of
acute inflammation and the transition to the resolution/proliferative phase of cardiac
repair63–65. Pro-inflammatory cytokine production perpetuates the inflammatory response,
resulting in the robust secretion of chemokines and adhesion molecules, which enable the
infiltration of immune cells.
The role of NF-κB in the heart remains controversial, as the transcription factor has
been implicated in both beneficial and maladaptive responses to stress66. Activation of NFκB has been shown to be cardio-protective, particularly through up-regulation of antiapoptotic genes and induction of an inflammatory response that promotes wound healing.
In vitro, transgenic cardiomyocytes with overexpression of phosphorylation-resistant IkBa
promoting NF-κB inactivation demonstrated increased susceptibility to TNFα induced
apoptosis67. Similarly, in vivo, cardiac-restricted overexpression of phosphorylation
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resistant IkBa also increased cardiomyocyte susceptibility to apoptosis following acute
surgically-induced myocardial ischemia68. Conversely, persistent NF-κB activation has
also been shown to be deleterious in a model of coronary artery ligation (CAL) induced
heart failure. Transgenic mice with cardiac-restricted overexpression of phosphorylation
resistant IkBa exhibited reduced apoptosis, attenuated pro-inflammatory cytokine
production, enhanced systolic function, and overall improved survival 4 weeks after CAL;
Non-transgenic mice in contrast showed increased apoptosis, elevated pro-inflammatory
cytokines, and adverse cardiac remodeling following CAL69. Ultimately, evidence suggests
that modulation of NF-κB signaling is essential to the promotion of cell survival and the
prevention of excessive inflammation.

Biphasic Immune Response Following Myocardial IR
Myocardial inflammation triggers a large, biphasic immune response dominated by
infiltrating neutrophils and monocytes/macrophages70–74. While infiltration occurs within
hours of the beginning of reperfusion, total leukocyte infiltration peaks between 5 and 7
days after reperfusion, steadily declining until wound healing is completely resolved63,65.
Inflammation is initiated during the early, pro-inflammatory phase, which consists of the
clearance of dead cell debris and extracellular matrix (ECM) degradation by infiltrating
neutrophils and M1, classically activated macrophages74.
Neutrophils
Neutrophils are short-lived innate immune phagocytes that serve as first responders
to myocardial IR injury and perform a wide range of immune functions. Neutrophils are
derived from myeloid hematopoietic progenitor cells in the bone marrow and may, in
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Figure 2-3. TLR signaling pathways and NF-κB activation. Figure copied from Feng et
al31.
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response to different inflammatory stimuli, differentiate into separate, distinct phenotypes.
Upon maturation and stimulation by pro-inflammatory cytokines, neutrophils are released
from the bone marrow and circulate for approximately 6 to 8 hours. Neutrophil chemotaxis
to the infarct site is mediated by elevated chemokine levels, as well as physical interactions
with endothelial cells expressing cell adhesion molecules and selectin proteins. Endothelial
cell adhesion molecules and selectins facilitate the capture, migration, and extravasation of
neutrophils from the circulation in to the site of inflammation and damage75,76. Neutrophil
infiltration begins within the first hours of reperfusion, following the PRR-mediated
increase in pro-inflammatory cytokines, chemokines, and adhesion molecules.
In murine models of myocardial I/R, neutrophil density in the infarcted area peaks
between 1 and 3 days after reperfusion and then declines dramatically to basal levels until
7 days after reperfusion63,65. Following infiltration, neutrophils phagocytose dead and
dying cells, contributing the clearance of cell debris and DAMPs from the infarcted
myocardium. In addition, neutrophils secrete matrix metalloproteases (MMPs) that
degrade both DAMPs and the extracellular matrix, facilitating additional leukocyte
infiltration, as well as cardiac remodeling. Neutrophils also produce a respiratory burst, or
large secretion of ROS, which helps propagate the pro-inflammatory response74–76.
Ultimately, neutrophil phagocytosis of dead and dying cells and the secretion of MMPs
help prepare the myocardium for the initiation of the resolution phase and wound healing.

Pro-inflammatory Monocytes and Macrophages
In addition to neutrophil infiltration, the early pro-inflammatory phase is
characterized by the recruitment of pro-inflammatory monocytes. Monocytes are produced
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in the bone marrow from myeloid hematopoietic stem cell progenitors as well, entering
circulation upon maturation. Unlike neutrophils, monocytes can circulate the vasculature
for several days and differentiate into macrophages upon infiltration of inflamed tissues.
Monocytes and macrophages are an extremely heterogeneous population of innate immune
cells and exist on a continuum that spans pro-inflammatory and anti-inflammatory
phenotypes,

with

many

intermediate

phenotypes

along

this

spectrum77.

Monocytes/macrophages can be broadly classified into two major subsets, based on
expression of cell surface markers, secreted cytokines, and transcriptional regulation: proinflammatory, classically activated (M1) monocytes/macrophages and anti-inflammatory,
alternatively activated (M2) monocytes/macrophages73,78–80.
Murine M1 monocytes, characterized as Ly-6Chi CCR2+ CX3CR1low monocytes
based on the relative expression level of chemokine receptors CCR2 and CX3CR1,
dominate the inflammatory response 1 to 4 days following myocardial IR. These immune
cells are recruited preferentially from the splenic monocyte reservoir and from the bone
marrow81 by monocyte chemoattractant protein (MCP-1)82 and extravasate from the
circulation to the infarct site in a similar manner to neutrophils, facilitated by cell adhesion
molecules and integrin proteins expressed by the endothelium. The spleen can contribute
anywhere from 40 to 75 percent of monocytes to the infarcted area. Monocyte deployment
occurs in response to MI-induced increase in angiotensin II (ANGII)73.
After tissue infiltration, pro-inflammatory cytokines interferon gamma (IFN-g) and
TNFα stimulate Ly-6Chi CCR2+ CX3CR1low pro-inflammatory monocytes to differentiate
fully to M1 macrophages, specifically through STAT1-dependent upregulation of the proinflammatory gene program78–80. Once differentiated, classically activated M1
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macrophages augment pro-inflammatory cytokine production (TNFα, IL-1βeta, and IL-6)
through similar TLR- and TNFR-mediated signaling pathways. M1 macrophage activation
also upregulates inducible nitric oxide synthase (iNOS), which promotes inflammation by
converting L-arginine to nitric oxide. Furthermore, M1 macrophages contribute to matrix
degradation and clearance by producing MMPs and phagocytosing apoptotic
cardiomyocytes and neutrophils in a process called efferocytosis74. In murine models of
myocardial IR, M1 macrophage density declines between days 4 and 5 after
reperfusion63,65,73, marking the initiation of a transitional period from the early proinflammatory phase to the late, resolution phase, dominated by anti-inflammatory and proangiogenic mechanisms and promote wound healing.

Transitional Period: Sequential Recruitment or Local Differentiation?

Sequential Recruitment
After the pro-inflammatory phase of myocardial IR, there is a clear transitional
period in the immune response that is characterized by the transcriptional repression of
pro-inflammatory genes, the cessation of matrix degradation, and a dramatic shift in the
phenotypic composition of immune cells that have infiltrated the infarcted myocardium.
However, the exact mechanisms that mediate this transition are poorly understood. Given
that monocytes/macrophages are an extremely heterogeneous immune cell population,
earlier studies have suggested that repression of pro-inflammatory signals is mediated by
the recruitment of a separate, anti-inflammatory subset of monocytes from the spleen and
bone marrow following the pro-inflammatory phase of the response70,77. The sequential
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recruitment of anti-inflammatory monocytes, characterized by Ly6Clow CCR2+
CX3CR1high expression levels, is thought to be mediated by the chemokine fractalkine
(CX3CL1), not MCP-1. Following chemotaxis and extravasation to the infarct site, IL-10
induces Ly6Clow CCR2+ CX3CR1high monocyte differentiation to alternatively activated
macrophages, specifically through STAT3 transcriptional regulation79,80. Additionally,
anti-inflammatory cytokines IL-4 and IL-13 produced from Th2 cells may also contribute
to alternative macrophage activation83. In addition to IL-10, IL-4 and IL-13 also stimulate
M2

macrophage

polarization,

but

through

STAT6-dependent

transcriptional

mechanisms78.

Efferocytosis and Phenotypic Shift
However, recent evidence suggests that the initiation of the resolution phase of the
immune response may not occur as a result of sequential recruitment; the resolution phase
may arise predominantly from a phenotypic change in the population of macrophages that
has already been recruited to and infiltrated the infarct site72. In addition to being an
extremely heterogeneous population, monocytes and macrophages also exhibit remarkable
plasticity and can shift their polarization along a spectrum of phenotypes in response to
various environmental stimuli. In mice deficient in Nr4a1, a nuclear hormone receptor
essential to the development of Ly6Clow (anti-inflammatory monocytes), it was determined
that Ly6Chigh monocytes gave rise to both pro-inflammatory and reparative macrophage
populations following permanent ligation of the left anterior descending coronary artery71.
Several underlying mechanisms associated with macrophage function could support this
claim. It has been demonstrated that efferocytosis of apoptotic neutrophils and necrotic
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cells is associated with the release of inhibitory cytokines IL-10 and transforming growth
factor (TGF-beta), which suppress the pro-inflammatory response84–86. In murine models
of myocardial I/R, IL-10 and TGF-beta show rapid and persistent upregulation at the site
of infarct around 3 days after reperfusion, with a concomitant decrease in pro-inflammatory
cytokine expression65,74. The upregulation of these anti-inflammatory cytokines could
mark a shift in the polarization of differentiated macrophages from classically activated to
alternatively activated phenotypes, initiating a transition from the early pro-inflammatory
phase to the late resolution phase. It has yet to be determined conclusively whether this
transition is induced by a polarization of the infiltrated macrophage population towards an
M2 phenotype or by a sequential recruitment of a separate, anti-inflammatory monocyte
population.

Anti-inflammatory Resolution Phase
Resolving Mediators
The inflammatory response to myocardial IR is resolved by a late reparative phase,
characterized by the suppression of pro-inflammatory cytokine signaling, promotion of
angiogenesis, and extracellular matrix deposition. During the transition from the proinflammatory phase, efferocytosis-induced alteration in macrophage transcriptional
regulation leads to an increase in the production of anti-inflammatory cytokines, such as
IL-10 and TGF-beta, and lipid mediators, including lipoxins, resolvins, protectins, and
maresins 85,86. Regulatory T cell lymphocytes have also been implicated in the suppression
of myocardial IR inflammation, contributing to the increases in IL-10 and TGF-beta levels
at the infarct site87,88. The suppressive effects of IL-10 signaling are mediated by STAT3
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transcription factor and lead to inhibition of pro-inflammatory cytokine action, as well as
cessation of extracellular matrix degradation via inhibition of MMPs74. In murine models
of myocardial IR, IL-10 and TGF-beta show rapid upregulation at the site of infarct
approximately 3 days after reperfusion, with a concomitant decrease in pro-inflammatory
cytokine expression. Inhibitory cytokine activity persists for approximately 7 days
following reperfusion63,65.
Evidence suggest that lipid-derived resolving mediators, similar to IL-10 and
TGFβ, promote immuno-suppression at the infarct site74,89–91. Lipoxin A4 and B4 are
eicosanoids that modulate neutrophil and monocyte infiltration through suppression of IL8, promote macrophage efferocytosis of apoptotic cells, and upregulate TGFβ production.
Resolvins and protectins also promote resolution specifically through regulating
extracellular adhesion molecules and limiting neutrophil extravasation89,90. In a study of
Male Sprague Dawley rats that underwent 30 min of ischemia and 4 h of reperfusion,
exogenous resolvins significantly diminished leukocyte infiltration and reduced infarct size
in a dose dependent manner. Furthermore, treatment of cardiomyocytes in vitro with
resolvin prior to 16 h hypoxia and 2 h reoxygenation resulted in marked reduction in cell
death91. While the immunomodulatory characteristics of these lipid mediators are known,
their specific mechanism of action in post-I/R infarct resolution remains unclear and is the
focus of proposed future studies.

Alternatively Activated Macrophages
IL-10 also has been shown to modulate macrophage phenotype via STAT3,
promoting M2 polarization and induction of an anti-inflammatory gene program.
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Alternatively activated M2 macrophages, whether differentiated from sequentially
recruited Ly6Clow CCR2+ CX3CR1high monocytes or a local pre-existing macrophage
population, dominate the reparative phase of inflammation. In murine models of IR,
infiltrating M2 macrophage populations begin to expand starting approximately 3 days
post-infarction; M2 macrophage numbers peak between 5 and 7 days after IR and then
steadily decline to basal levels around 14 days post-IR as inflammation is resolved. During
this period, M2 macrophages show significant induction of Arginase-1 (Arg-1), a hallmark
of alternative macrophage activation. Arg-1 antagonizes the pro-inflammatory actions of
iNOS by converting L-arginine substrate to ornithine and urea instead of nitric oxide92. M2
macrophages also augment production of resolving mediators IL-10 and TGF-beta,
promoting the suppression of inflammation and deposition of extracellular matrix
components.
During the resolution of the inflammatory cascade, in addition to suppressing
inflammation and matrix degradation, TGF-beta acts as an important regulator of cardiac
fibroblast phenotype and activity93. Cardiac fibroblasts are an abundant and essential cell
population in the myocardium, constituting approximately one quarter of total cell
number94. Cardiac fibroblasts, like monocytes and macrophages, are a heterogeneous
population that may alter phenotype in response to stress stimuli. Following myocardial
IR, TGF-beta induces rapid fibroblast proliferation and differentiation to myofibroblasts, a
phenotypically distinct subset that secretes larger quantities of extracellular matrix
components and protease inhibitors57. Evidence suggests that fibroblast number and
activity are highest approximately 3 days after the start of reperfusion. Temporally,
increases in fibroblast population and TGF-beta levels are associated with upregulation of
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collagen alpha-1 chain production and downregulation of pro-inflammatory cytokines63.
Collectively, the anti-inflammatory actions of myofibroblasts and M2 macrophages
promote regulate scar formation and cardiac remodeling following matrix clearance,
specifically through promoting extracellular matrix synthesis and collagen deposition.

Aging, Inflammation, and IR
As previously stated, epidemiological evidence shows an age-associated increase
in susceptibility to CVD and a dramatic increase in the severity of acute MI among aged
men and women. Our laboratory has demonstrated in physiologically relevant rat model of
female aging, that increased age is associated with reduced ischemic tolerance following
myocardial IR11. In addition, aging has also been linked to adverse cardiac remodeling in
aged mice following myocardial IR, which exhibited enhanced dilative cardiac
hypertrophy and significantly impaired systolic dysfunction relative to young adult
counterparts95. While aging has been implicated repeatedly in the exacerbation of
myocardial IR injury, the specific mechanisms whereby aging influences IR progression
remain poorly understood.
Aging is generally associated with increased oxidative stress, which leads to the
development of a systemic, chronic inflammatory state characterized by heightened basal
levels of pro-inflammatory cytokines96,97. With aging, electron transport chain proteins are
compromised by mtDNA oxidative damage, resulting in mitochondrial dysfunction and a
significant increase in ROS production. Excessive ROS levels create an intracellular redox
imbalance, which is only exacerbated by age-related decline of antioxidant defense
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Figure 2-4. Summary of the temporal dynamics of the biphasic inflammatory response to
myocardial I/R in the infarcted myocardium.
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systems. A shift in intracellular redox state and incessant oxidative stress both activate
redox-sensitive NF-κB signaling pathways98. Aberrant NF-κB signaling and increased
ROS levels culminate in the development of senescence-associated secretory phenotype
(SASP) and a systemic inflammatory state99; SASP denotes the chronic production of proinflammatory cytokines TNFα, IL-1β, and IL-6 and can be acquired in immune cells,
fibroblasts, and endothelial cells100. While studies have not conclusively demonstrated a
causal relationship between NF-κB activation and aging, evidence suggests that inhibition
of NF-κB signaling can attenuate the development of age-related defects101. Systemic lowgrade inflammation is a hallmark of the aging process and contributes to ROS production
and cellular senescence in a vicious cycle. In addition to fueling ROS production, chronic
inflammation may also result in qualitative changes in immune cell populations,
contributing to age-related dysregulation in immune cell function and responses termed
“immuno-senescence”.
Whereas the detrimental effects of aging on the adaptive immune cell population
are well documented, the exact impact of aging on innate immune cell signaling and
function is less clear. While neutrophil and macrophage population numbers appear to be
unaffected in aged individuals102, recent evidence suggests the innate immune cell
functions and responses to acute stimuli are severely impaired with advancing age103,104. In
elderly adults and aged mice, neutrophils exhibit impaired chemotaxis, or directional
movement in response to a chemical gradient105. Defective neutrophil chemotaxis is
correlated with delayed recruitment and wound healing106. In addition to this defect,
neutrophils from aged individuals have shown diminished phagocytic capabilities107,
which could potentially prolong matrix clearing during the pro-inflammatory phase of an
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immune response. Furthermore, elderly subjects were also found to produce an apoptoticresistant population of neutrophils that persisted in culture for 48 to 72 hours with
preserved functionality108–110. In the context of myocardial IR, neutrophil persistence may
exacerbate matrix degradation and ROS-mediated cellular damage, contributing to ageassociated adverse remodeling.
Similar deficient immune responses to stimuli have been observed in
monocyte/macrophage populations. Age-associated declines in phagocytosis of apoptotic
cells have also been reported in both mouse and human monocyte-derived macrophages103.
Additionally, cytokine production in response to acute stimuli appears to be impaired in
monocytes/macrophages from aged individuals. However, it is unclear whether these
diminished responses are mediated predominantly by reduced PRR expression levels or
impaired PRR signal transduction. In aged C57BL/6 mice, decreases in TLR4 gene and
protein expression levels were associated with diminished TLR-induced production of
TNFα and IL-6111. Conversely, aged BALB/c mice exhibited no significant decreases in in
expression of TLR2 or TLR4, yet TLR-mediated TNFα and IL-6 production was still
reduced relative to young adult counterparts112,113. Advancing age also appears to impair
macrophage polarization toward both pro-inflammatory M1 and anti-inflammatory M2
phenotypes. Age-associated declines in nitric oxide production and iNOS expression have
been demonstrated in both mouse and rat macrophages114,115. Downregulation of responses
to INF-gamma in aged macrophages may be attributed to attenuation of STAT1 signaling
downstream, whereby aged murine macrophages showed a 50% decrease in INF-gstimulated phosphorylation of STAT1 and diminished STAT1 gene expression116. In vitro,
spleen-derived macrophages from aged BALB/c mice exhibited reduced expression of
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classic M1 markers after LPS stimulation and diminished expression of M2 markers
following IL-4 stimulation. Interestingly, in the same study macrophages derived from
bone marrow hematopoietic progenitors did not exhibit statistically significant reduction
in M1 or M2 markers following acute stimulation117. This result suggests that exposure to
the aged tissue microenvironment may have contributed to the impaired responses of the
spleen-derived macrophages. Although generally there is a poorly defined link between
chronic inflammation and immune-senescence, this result supports a growing paradigm in
the literature suggesting that prolonged low-grade inflammation can result in poor innate
immune cell function118. Together, delayed immune cell recruitment, diminished
phagocytic clearance of necrotic debris, and impaired M2 macrophage polarization may
delay infarct resolution, thereby prolonging necrotic cell death and myocardial IR damage.

Estrogen, Inflammation, and IR
The detrimental impact of aging on CVD susceptibility, oxidative stress, and
immune dysregulation is only exacerbated by estrogen withdrawal. Data from our
laboratory provides evidence that infarct size in aged OVX female F344 rat hearts
following myocardial IR is greater than that of aged, intact female rats, suggesting an
additive adverse effect of aging and OVX combined11. However, the mechanistic
underpinnings of this additive effect have yet to be fully elucidated, requiring further
investigation into the potential negative impacts of age-associated estrogen deficiency.
Estrogen is a potent steroid hormone with a wide range of diverse physiological
effects mediated by several different receptors and signaling pathways. In the classic
genomic pathway, estrogen binds to a homo- or heterodimer of estrogen receptor (ER)
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alpha and ERβ. Upon receptor binding, estrogen-ER complexes translocate to the nucleus
where it bind estrogen response elements (EREs), various coactivators, and corepressors
and mediates pleiotropic transcriptional regulation119. Interestingly, nuclear ER binding
and transcriptional regulation can be ligand or estrogen-independent. Estrogen signaling
can also occur through a separate non-genomic pathway, in which the steroid hormone
binds membrane-associated ERs, eliciting rapid non-nuclear signal transduction. Nongenomic estrogen signaling can result in a myriad of intracellular effects, including
mobilization of intracellular calcium, generation of cAMP, modulation of potassium
channels, phospholipase C activation, NO production, PI3K/Akt pathway induction, and
MAPK activation120–122.
Evidence suggests the age-associated estrogen deficiency may exacerbate chronic
inflammation, as estrogen and ER activity exhibit potent immune-modulatory effects
particularly through the regulation of NF-κB transcriptional activity123,124. ERα can
influence NF-κB transcriptional complexes and has been shown to displace coactivator
cAMP response element-binding protein (CREB), suppressing MCP-1 and IL-6 gene
transcription125. Ligand-bound ER can also recruit corepressors and histone deacetylases
(HDACs), downregulating NF-κB mediated expression of the TNFA gene126. Furthermore,
estradiol specifically has been shown to upregulate IκBα expression and reduce IKKγ
expression, which collectively could contribute to sequestration of NF-κB in the cytosol
and inhibition of inflammatory gene transcription127,128. Estrogen-mediated inhibition of
NF-κB activity correlates with suppression of excessive inflammatory responses129.
Estradiol has been shown to attenuate increases in IL-8, VCAM1, and MCP-1 in
endothelial cells and macrophages130,131. Conversely, myeloid-specific deletion of ERα
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was associated with excessive infiltration of innate immune cells. The multi-faceted
modulatory effects of estrogen and ERs on NF-κB are underscored by enhanced
inflammatory gene expression observed in estrogen deficient and ovariectomized
subjects132. In young adult Sprague Dawley rats, ovariectomy (OVX) resulted in increased
expression of a number of pro-inflammatory genes in the heart 9 weeks post-OVX,
including TNFα, iNOS, and L-selectin17. In a separate study, Norway Brown rats exhibited
increased cardiac expression of caspase 3, caspase 9, calpain 2, MMP9, and TNFα mRNA
9 weeks post-OVX16. Collectively, the well documented immune-modulatory effects of
estrogen and its receptors suggest that estrogen withdrawal could contribute to unchecked
inflammation and oxidative stress that exacerbates myocardial IR injury.
In addition to suppressing NF-κB and excessive inflammatory responses, estrogen
and ERs may mediate anti-inflammatory M2 macrophage polarization that promotes
resolution of myocardial IR. In a study of myeloid-specific ERα deletion, basal levels of
IL-4 receptor and IL-4-induced STAT6 phosphorylation (key pathway in alternative
macrophage activation) were diminished in macrophages from ERα knockout mice relative
to wild type counterparts133. Additionally, ERα deficient macrophages appeared refractory
to IL-4 induced alternative polarization, exhibiting blunted expression of antiinflammatory markers. Further, estradiol administration induced expression levels of IL-4
receptor comparable to IL-4 stimulation in macrophages from wild type mice; however
this effect was blocked in ERα deficient macrophages. The collective effects of estradiol
and ERα in this study are underscored by the presence of an ERα tethering site and partial
ERE in the IL-4 receptor promoter sequence134. In a separate study of OVX mice, estrogen
deficiency was associated with delayed cutaneous wound healing. Delayed wound healing
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was also observed in a separate mouse model with immune cell-specific deletion of ERα.
Prolonged resolution in ERα deficient mice was also associated with reduced influx of
alternatively activated macrophages135. Impaired alternative activation of macrophages has
also been demonstrated ex vivo in immune cells from post-menopausal women. Isolated
blood-derived macrophages from post-menopausal women exhibited blunted M2
polarization relative to macrophages from premenopausal women following stimulation
with anti-inflammatory cytokines IL-4 and IL-13136. Taken together, these findings suggest
estrogen withdrawal may significantly diminish alternative activation of macrophages and,
as a result, impair resolution of the infarct following myocardial IR.
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Chapter 3
Manuscript
Introduction
Cardiovascular disease (CVD) is the leading cause of death worldwide1,2,
accounting for 30.8 percent or approximately 1 in 3 deaths in the United States in 2013 3.
CVD incidence and mortality increases dramatically with aging; however, aging may affect
men and women differently regarding CVD susceptibility4. Premenopausal women exhibit
decreased left ventricular hypertrophy and adverse cardiac remodeling following MI6.
However, in aged female populations that have experienced menopause and the loss of
estrogen, the prevalence and severity of CVD increases dramatically eventually exceeding
that in age-matched men7–10. Further, evidence from animal models suggests that estrogen
withdrawal is tightly linked with increased susceptibility to CVD, including reduced
ischemic tolerance11–13. Surgically-induced estrogen deficiency through ovariectomy
(OVX) exacerbates MI injury in both mice and rats, showing decreased left ventricular
developed pressure and increased infarct size relative to sham counterparts14,15. Other
studies also demonstrate that OVX in rat models is associated with increased levels of proinflammatory markers, including TNFα and iNOS, which could contribute to reduced
ischemic tolerance and impaired cardiac function16,17.
The extent of I/R-induced damage and the efficacy of wound healing in the
myocardium is tightly linked with a biphasic inflammatory response that is regulated
predominantly by innate immune cells, including neutrophils and macrophages63,71,74.
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Necrotic cell death triggers the initiation of a pro-inflammatory phase, characterized by the
recruitment of both neutrophils and M1 macrophages to the infarct site, which promote
clearance of cell debris from the extracellular matrix through phagocytosis. Following
matrix clearance, infiltrating macrophages mediate the transition to an anti-inflammatory,
wound healing phase, characterized by suppression of pro-inflammatory signaling,
promotion of angiogenesis, and fibrous tissue deposition74,82. Although innate immune
responses have been demonstrated to play central roles in the regulation of post-MI wound
healing, no studies have evaluated the specific impact of age-associated estrogen
deficiency has on innate immune cell function in the context of MI.
Aging is closely linked with the development of chronic inflammation, which
describes a phenotype of chronically elevated basal levels of pro-inflammatory cytokines
and oxidative stress96,98. Furthermore, chronic inflammation may also result in qualitative
changes in innate immune cell populations, contributing to age-related dysregulation in
immune cell function and responses termed “immuno-senescence”103. While estrogen
normally exerts immunosuppressive effects through modulation of NF-κB-mediated
inflammation, evidence suggest that estrogen withdrawal exacerbates chronic
inflammation, resulting in upregulation of pro-inflammatory genes, including TNFα,
inducible nitric oxide synthase (iNOS), and cell adhesion proteins10,16,17,32,132. While the
separate effects of age and estrogen withdrawal on inflammatory responses have been
studied14,95,121,131,135, the combined impact of age and estrogen loss on chronic
inflammation, the development of immune-senescence, and the implications for post-I/R
cardiac function are poorly understood.
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The purpose of this study is to assess the combined impact of age and estrogen loss
on innate inflammatory response to myocardial I/R, specifically evaluating whether
chronic inflammation and altered macrophage function may exacerbate pro-inflammatory
signaling and predispose the aged, female heart to adverse cardiac outcomes. In the MO
OVX experimental model, rats are ovariectomized at 15 mo or approximately middle age
and then allowed to age to 22 mo before they are studied. This surgical method induces
estrogen deficiency, while closely mimicking the female menopausal transition.

Materials and Methods

Animal Use
Female Fischer 344 (F344) rats were supplied by Charles River (Baltimore, MD).
In order to study a physiologically relevant model of the menopausal transition and ageassociated estrogen deficiency, F344 rats underwent bilateral OVX at 15 mo and were then
aged to 22 – 24 mo before use. Adult (6 – 8 mo), ovary-intact rats were used as control
animals. Rats were housed under a 12:12-hr light-dark cycle and received food and water
ad libitum. All animal handling and utilization protocols were reviewed and approved by
the Penn State University Institutional Animal Care and Use Committee.

Coronary Artery Ligation
F344 rats were randomly chosen to undergo coronary artery ligation or sham
control surgery. MO OVX and adults were subjected to either 55 min of ischemia, followed
by 10 min or 6 hr of reperfusion, as well as 31 min of ischemia, followed by 24 hr or 72 hr
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of reperfusion. The 31 min ischemic duration was used to ensure animal recovery in the
aged group. Animals were anesthetized using a single intraperitoneal injection of ketamine
(40 mg/kg body weight) and xylazine (12mg/kg body weight) mixture. Rats were intubated
and ventilated using a Harvard Rodent Ventilator Model 638 (Holliston, MA, USA). A 1.5
cm incision was made in the left lateral third intercostal space to expose the heart. After
opening the pericardium, the left coronary artery was ligated with 6-0 prolene
approximately 3mm from its origin. Both ends of the suture were fed through PE-90 tubing
and secured with a hemostat for the duration of ischemia. Blanching of the tissue below
the ligation indicated that the coronary artery was successfully occluded. Following
ischemia, the hemostat was removed, releasing the ligature, the chest cavity was closed,
and the animal was allowed to recover for the designated reperfusion time. Intraperitoneal
injections of atipamezole (1 mg/kg body weight) and buprenorphine (0.05mg/kg body
weight) were administered during 6 hr, 24 hr, 72 hr reperfusions. Buprenorphine was
administered for pain every 12 hr after the start of reperfusion. Ventilation was maintained
until the rats were able to breathe on their own and allowed to recover on a heating pad.

Heart preparation
After the designated reperfusion time, animals were anesthetized by intraperitoneal
injection of sodium pentobarbital (40 mg/kg body weight), hearts were rapidly removed by
midline thoracotomy and immediately submerged in saline (4°C). Within 60 sec of
excision, hearts were secured via aortic cannulation to a Langendorff apparatus and
perfused at constant pressure (85 mmHg), temperature (37°C), and pH (7.4) with a
modified Krebs-Henseleit bicarbonate buffer. The suture around the ligated artery was then
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re-tightened and Evan’s blue dye was injected into the hanging heart to visualize the area
at risk (remote, non-ischemic areas of the myocardium stained blue, while areas affected
by the occlusion remained pale). The heart was then removed from the Langendorff
apparatus. Sections from the remote, ischemic, and border zones of the LV were collected
for immunohistochemistry and the remaining heart tissue was snap frozen in liquid
nitrogen for western blotting.

Serum Cytokine Analysis
Following euthanasia and excision of the heart, trunk blood pooling in the thoracic
cavity was harvested using a sterile 5 mL syringe. Blood was allowed to sit and clot for
approximately 30 min and then centrifuged at 2800 rpm (1200 x g) for 10 min. Serum was
collected and stored at -70° C until further processing. Serum concentrations (pg/mL) of
IL-1β, IL-6, TNFα, and IL-10 were measured using Meso Scale Discovery (MSD) Multiplex Assay (see Appendix for detailed protocol).

Immunohistochemistry Sample Preparation and Analysis
Sections from the remote, ischemic, and border zone areas of the LV were collected
following perfusion with modified Krebs-Henseleit buffer and staining with Evan’s blue
dye (1%). Sections were fixed overnight at 4°C in 10% formalin. Fixed samples were then
rinsed for two 30 min periods with constant shaking at 4°C in 1 x PBS and subsequently
dehydrated in 70% ethanol for two 30 min periods with constant shaking at 4°C. Samples
were left in 70% ethanol at 4°C until ready for further processing. Samples were paraffin
embedded, sectioned, and mounted on microscopy slides for hematoxylin and eosin (H&E)
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staining. Scoring was performed on a 0 to 4 scale (arbitrary units), with 0 indicating little
to no immune cell infiltration and 4 indicating extensive, widespread infiltration. Scoring
was performed blinded in order to avoid bias.

Western Blotting Sample Preparation and Analysis
Frozen LV tissue was homogenized using glass-glass grinding and subcellular
separation of total and cytosolic fractions was performed using differential centrifugation
procedure as previously described. All protein concentrations were determined by the
Bradford method. Western blotting was performed according to laboratory procedures as
previously described. Equal concentrations of total or cytosolic protein (20 ug) from the
LV homogenization were loaded to each lane. Protein samples were electrophoresed on
Criterion SDS-polyacrylamide gels (Bio-Rad) and transferred to polyvinylidene difluoride
membranes (PVDF; Millipore). After blocking the membranes in 6% milk, samples were
probed with primary antibodies (dilutions ranging from 1:500 to 1:1000) against toll-like
receptor 2 (TLR2) (Novus Biological), toll-like receptor 4 (TLR4) (Novus Biological),
inducible nitric oxide synthase (iNOS) (BD Biosciences), pro-caspase-1 (Cell Signaling),
and caspase-1/p20 (Cell Signaling). Membranes were incubated in the corresponding
horseradish peroxidase-linked secondary antibody (1:20,000): anti-mouse IgG (Cell
Signaling) for TLR2, TLR4, and iNOS, and anti-rabbit IgG (GE Health) for pro-caspase-1
and p20. Proteins were visualized using enhanced chemiluminescence (GE Amersham)
and densitometry performed using ImageJ. Densitometry values were normalized using
adult baseline control values.
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Cell culture
Non-ischemic animals were anesthetized using a single intraperitoneal injection of
ketamine (40 mg/kg body weight) and xylazine (12mg/kg body weight) mixture. Hearts
were rapidly removed by midline thoracotomy and processed for immunohistochemistry
and western blot analysis as previously described. Both femurs and tibias were removed
by blunt dissection and stored on ice in a sterile dish containing 70% ethanol. The spleen
was excised and stored on ice in phenol red-free Roswell Park Memorial Institute medium
(RPMI) media. Bone marrow and spleen samples were immediately transferred to sterile
cell culture hood. Connective tissue and residual muscle tissue were stripped away from
the bones with gauze and surgical scissors. Both ends of the bones were cut and flushed
with phenol red-free Dulbecco's Modified Eagle Medium/F12 (DMEM) media. The spleen
capsule was mechanically ruptured and flushed with RPMI media. Red blood cells were
lysed using ACK (Ammonium-Chloride-Potassium) Lysis buffer and washed several times
in media. Both cell populations were suspended after the final wash in complete media
(base media containing 10% fetal bovine serum (FBS, heat inactivated), 1%
Penicillin/Streptomycin, and 1% L929 conditioned media). Cells were plated on 6-well
plates at a density of 1 x 10^6 cells, and incubated at 37° C and 5% CO2. Cells were washed
with 1X PBS and media was changed after 3 days of incubation and after 7 days of
incubation. BMDM and SM purity was determined using flow cytometry analysis of the
expression of general macrophage marker CD11b (BD Biosciences; See Appendix for
flow cytometry protocol).

In vitro stimulus challenge
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On day 7 of incubation, cultured bone marrow derived macrophages (BMDM) and
splenic macrophages (SM) were stimulated with either 25 ng/mL lipopolysaccharide (LPS)
and 25 U/mL interferon gamma (IFNγ) or equal volume of 1X PBS. Concentrations of LPS
and IFNγ were determined from dose response in vitro stimulus challenge that resulted in
macrophage activation, indicated by cytokine production, without saturation of signal.
Supernatant was collected at 6 h and 24 h after stimulus and stored at -70 degrees Celsius.
Following supernatant collection, confluent cells were lysed in 1 mL Trizol and stored at 70 degrees Celsius. Supernatant cytokine concentrations were measured using the MSD
Multi-plex Assay (see Appendix for full protocol) and normalized to total protein
concentration of lysed samples (measured by Bradford assay).

Statistics
All data are presented as means ± standard errors (SEM) and analyzed using the
Statistical

Analysis

System

(SAS)

software.

Between-groups

comparisons

of

morphometric, western blotting and baseline cytokine data (blood or cell culture) were
compared using one way ANOVA using the General Linear Models (GLM) procedure for
unbalanced and mixed designs. A 2 x 2 ANOVA (group by treatment) within each time
point was used to assess cytokine responses to either reperfusion time (group x reperfusion
time; blood) or in vitro stimulus challenge (group x drug; cell culture). Additional analyses
were performed to insure aptness of the model and normality of the data. Significant
interactions were analyzed with either Tukey or Scheffe post-hoc tests. An α level of 0.05
was selected prior to data collection, therefore p < 0.05 was considered statistically
significant.
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Results

Physiological Characteristics
The physiological characteristics of the adult and MO OVX rats used as subjects in
this study are summarized in Table 1. Body weight, LV weight, tibia length, and visceral
adipose weight were all significantly greater in MO OVX rats relative to adult counterparts
(p<0.001). Additionally, average spleen length was significantly increased with age and
estrogen loss (p<0.001). Uterine horn weight was significantly reduced in MO OVX rats
when compared to adults (p<0.001), confirming estrogen deficiency in the MO OVX rats.
MO OVX rats also appeared to develop splenomegaly, or enlarged spleens, showing
significantly larger spleen lengths compared to adult counterparts (p<0.01). This result is
underscored by additional observations that indicate MO OVX rats may have been anemic.
Trunk blood collected and centrifuged for serum cytokine analysis, revealed that many MO
OVX rats had noticeably less hematocrit relative to adults (data not shown).

Serum Cytokine Analysis
Baseline and post-I/R circulating concentrations of IL-1β are displayed in Figure
3-1. I/R injury resulted in a significant increase in adult and MO OVX IL-1β serum
concentration at 10 min, 6 h, and 24 h reperfusion time points relative to basal levels
(p<0.01). At 72 h of reperfusion, IL-1β concentrations were similar to baseline in both age
groups. Further, MO OVX rats had significantly elevated IL-1β serum concentrations at 6
h of reperfusion, showing an ~87%
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Characteristic
Body Weight (g)
LVW (mg)
Tibial length (cm)
LVW/TL
Uterine Weight (g)
Visceral Adipose Weight (g)
Spleen Length (cm)

Adult
(n=26)
189.3 ± 3.19
481.9 ± 10.5
3.524 ± 0.02
0.14 ± 0.003
0.55 ± 0.039
5.570 ± 0.36
2.979 ± 0.05

MO OVX
(n=29)
296.8 ± 5.98
652.2 ± 15.9
3.771 ± 0.03
0.17 ± 0.004
0.24 ± 0.016
19.97 ± 1.32
3.580 ± 0.16

*
*
*
*
*
*
*

Table 3-1: Physiological characteristics of adult and MO OVX animals used. LVW, left
ventricular weight. LWV/TL, ratio of left ventricular weight to tibia length. * p<0.01 age
and estrogen loss vs adult.
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increase relative to adult counterparts. Group differences in IL-1β production were not
observed at baseline or at any other reperfusion time point.
Figure 3-2 portrays IL-6 serum concentrations in adult and MO OVX rats at
baseline and following I/R at 10 min, 6 h, 24 h, and 72 h of reperfusion. I/R injury resulted
in significant increases in IL-6 serum concentrations in both age groups at 10 min, 6 h, 24
h, and 72 h of reperfusion relative to baseline levels (p<0.01). Similar to circulating IL-1β
levels during the inflammatory cascade, IL-6 production appears to peak ~6 h of
reperfusion (p<0.0001 relative to baseline) in both adult and MO OVX rats and then decline
rapidly as the time course reaches 72 h post-MI. However, no divergence in the response
to I/R was observed between age groups with IL-6 production; IL-6 serum concentrations
were not significantly different between adult and MO OVX rats at baseline or any
reperfusion time points.Adult and MO OVX TNFα serum concentrations for baseline and
post-MI are shown in Figure 3-3. Notably, serum TNFα concentrations are significantly
elevated in MO OVX at baseline, showing a 67 % increase in TNFα levels relative to adult
(p<0.05). Significant increases in TNFα production relative to baseline are observed at 10
min (p<0.0001) and 6 h (p<0.01) of reperfusion in both adult and MO OVX. TNFα levels
peak rapidly and reach a zenith at 10 min of reperfusion in both age groups, declining
steadily to baseline concentrations by 72 h of reperfusion. A pattern showing elevated
TNFα serum concentration in MO OVX rats relative to adult was observed at both 10 min
and 6 h of reperfusion (46% and 36% increases respectively), reaching statistical
significance at 6 h.
Serum concentrations of IL-10 at baseline and following I/R are shown in Figure
3-4. MO OVX rats exhibit elevated basal levels of circulating IL-10, with a 130% increase
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Figure 3-1: IL-1β serum concentrations at baseline and following myocardial I/R. Data
are presented as a mean ± SEM (n = 2 – 6 per group). † p<0.05 main effect of reperfusion
vs baseline; * p<0.05 effect of age and estrogen loss vs adult within time point.

Figure 3-2: IL-6 serum concentrations at baseline and following myocardial I/R. Data are
presented as a mean ± SEM (n = 2 – 6 per group). † p<0.05 main effect of reperfusion vs
baseline.
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relative to adult counterparts (p<0.05). Despite this significant increase in baseline
concentrations of IL-10 with age-associated estrogen deficiency, significant differences
were not observed between age groups during reperfusion at any time point following an
ischemic insult. Additionally, Figure 3-4 illustrates a reperfusion effect in both adult and
MO OVX rats at 10 min, 6 h, and 24 h of reperfusion, showing a significant decrease in
circulating IL-10 concentrations relative to non-ischemic animals (p<0.05). At 24 h and 72
h of reperfusion, there is a tendency for upregulation of IL-10 production, returning closer
to baseline concentrations. Notably, after 72 h of reperfusion adult rats exhibit a greater
increase in circulating IL-10 concentration than MO OVX rats; howver this result did not
reach statistical significance.

In vitro Stimulus Challenge
Figure 3-5 illustrates changes in supernatant concentration of IL-1β following
treatment of BMDM (panel A) and SM (panel B) cell populations from adult and MO
OVX rats with LPS and IFNᵞ for 6 h and 24 h. Significantly higher levels of IL-1β were
detected in BMDM populations from both age groups stimulated for 6 h and 24 h following
LPS and IFNγ relative to vehicle (p<0.05). Additionally, there was a divergent response to
LPS and IFNγ treatment observed among age groups: treatment of BMDM with LPS and
IFNγ for 24 h resulted in a blunted increase in IL-1β production in MO OVX, ~69% lower
than adult BMDM IL-1β supernatant concentrations (p<0.05). Treatment of SM with LPS
and IFNγ for 6 h and 24 h also significantly increased IL-1β supernatant concentration in
both age groups relative to treatment with vehicle (p<0.01). Further, treatment of MO OVX
SM with LPS and IFNγ for 6 h resulted in significantly elevated production of IL-1β (197%
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Figure 3-3: TNF-α serum concentrations at baseline and following myocardial I/R. Data
are presented as a mean ± SEM (n = 2 – 6 per group). † p<0.05 main effect of reperfusion
vs baseline; * p<0.05 effect of age and estrogen loss vs adult within time point.

Figure 3-4: IL-10 serum concentrations at baseline and following myocardial I/R. Data are
presented as a mean ± SEM (n = 2 – 6 per group). † p<0.05 main effect of reperfusion vs
baseline; * p<0.05 effect of age and estrogen loss vs adult within time point.
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increase) compared to adult SM IL-1β production at the same time point. This disparate
response was also observed at 24 h, however the difference between substantially elevated
MO OVX SM IL-b supernatant concentrations and the more modest increase in adult IL1β supernatant concentration did not reach statistical significance.
Changes in BMDM and SM production of IL-6 following in vitro stimulus
challenge with LPS and IFNγ are displayed in Figure 3-6. Shown in panel A, LPS and
IFNγ treatment of adult and MO OVX BMDM induced significant increases in IL-6
supernatant concentration at both 6 h and 24 h when compared to vehicle-treated samples
(p<0.05). In addition, a significantly blunted increase in IL-6 concentration is observed
with MO OVX BMDM relative to adult cells following 24 h of treatment with LPS and
IFNγ (73% lower, p<0.05). The diminished production of IL-6 with age and estrogen
deficiency in response to LPS and IFNγ treatment was also observed at 6 h (48% decrease
with age), however this blunted response was not significantly different from adult BMDM
IL-6 production (panel A). Treatment of adult and MO OVX SM with LPS and IFNγ for
6 h and 24 h resulted in significant increases in IL-6 supernatant concentrations relative to
vehicle-treated cells (p<0.01; panel B). There were no significant differences observed
when comparing adult SM and MO OVX SM production of IL-6 following in vitro
stimulus challenge with LPS and IFNγ at 6 h and 24 h.
Figure 3-7 shows changes in TNFα supernatant concentrations following
stimulation of BMDM (panel A) and SM (panel B) with LPS and IFNγ for 6 h and 24 h.
In vitro TNFα production increased significantly with LPS and IFNγ treatment at 6 h and
24 h in both age groups (p<0.01). Despite no statistically significant difference between
adult and MO OVX BMDM TNFα concentrations at either time point, a tendency for
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Figure 3-5: IL-1β supernatant concentrations (pg/mL) following in vitro stimulus of (A)
BMDM and (B) SM with either a combination of LPS and IFNγ or vehicle. Data are
presented as a mean ± SEM (n = 3 – 4 per group). † p<0.05 main effect of treatment vs
vehicle; * p<0.05 effect of age and estrogen loss vs adult within time point.
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Figure 3-6: IL-6 supernatant concentrations (pg/mL) following in vitro stimulus of (A)
BMDM and (B) SM with either a combination of LPS and IFNγ or vehicle. Data are
presented as a mean ± SEM (n = 3 – 4 per group). † p<0.05 main effect of treatment vs
vehicle; * p<0.05 effect of age and estrogen loss vs adult within time point.
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diminished TNFα production in response to LPS and IFNγ treatment was observed in MO
OVX BMDM relative to adult (32% and 48% lower at 6 h and 24 h respectively). TNFα
concentrations also significantly increased in adult and MO OVX SM samples following
LPS and IFNγ treatment for 6 h and 24 h (p<0.01 and p<0.05 respectively). Additionally,
MO OVX SM, when compared to adult SM, appeared to produced elevated levels of TNFα
when treated with LPS and IFNγ for 6 h and 24 h; however, the difference in TNFα
production with age at both time points did not reach statistical significance.
Changes in supernatant concentrations of IL-10 in response to treatment of BMDM
and SM with LPS and IFNγ are displayed in Figure 3-8. Treatment with LPS and IFNγ at
6 h and at 24 h induced significant increases in IL-10 production from BMDM from both
age groups (p<0.05 and p<0.01 respectively). Although a significant treatment effect was
observed, there was no significant difference between the age groups at either time point
when comparing LPS-induced IL-10 production (panel A). Similarly, macrophages
derived from the spleens of adult and MO OVX rats showed significant increases in
supernatant IL-10 concentration following stimulation with LPS and IFNγ for 6 h and 24
h relative to treatment with vehicle (p<0.01 and p<0.05 respectively; panel B). There was
no significant difference observed between age groups when comparing IL-10
concentrations following LPS and IFNγ treatment at either time point.

Immunohistochemistry
Representative images of H&E stained LV sections of adult and MO OVX rat
hearts at baseline and following I/R, observed using light microscopy, are displayed in
Figure 3-9. Both adult and MO OVX rats exhibit little to no immune cell infiltration at
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Figure 3-7: TNF-α supernatant concentrations (pg/mL) following in vitro stimulus of (A)
BMDM and (B) SM with either a combination of LPS and IFNγ or vehicle. Data are
presented as a mean ± SEM (n = 3 – 4 per group). † p<0.05 main effect of treatment vs
vehicle.
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Figure 3-8: IL-10 supernatant concentrations (pg/mL) following in vitro stimulus of (A)
BMDM and (B) SM with either a combination of LPS and IFNγ or vehicle. Data are
presented as a mean ± SEM (n = 3 – 4 per group). † p<0.05 main effect of treatment vs
vehicle.
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baseline, showing sparse nuclei and intact, undamaged LV tissue. However, at 6 h and 24
h of reperfusion, increases in infiltrating immune cells can be observed in both age groups,
indicated by the presence of small foci of nuclei and small areas of matrix degradation.
Further, Figure 3-9 displays a significant increase in immune cell infiltration of the LV in
both age groups at 72 h of reperfusion, showing widespread infiltration of the myocardium
and extensive degradation of the LV tissue and extracellular matrix (ECM). The scoring
values for cellular infiltration of H&E stained LV sections are displayed in Figure 3-10.
H&E stained LV sections were scored on a scale of 0 to 4 (arbitrary units) for the degree
of immune cell infiltration at baseline and post-MI, with 0 signifying no detectable
infiltration and 4 denoting extensive and severe infiltration. As shown in Figure 3-10, LV
sections from adult and MO OVX baseline animals received very low scores, indicating
very low basal levels of immune cell infiltration of the LV. This observation is reflected in
Figure 3-9, which shows sparse nuclei and infiltrating cells along with an intact,
undamaged LV tissue. Immune cell infiltration scores for the LV in both adult and MO
OVX rats increase from baseline levels at 6 h and 24 h of reperfusion, reflecting
observations made from Figure 3-9. Immune cell infiltration spikes dramatically at 72 h
of reperfusion, with adult and MO OVX LV sections receiving the highest score of 4 on
average. Although it is tough to discern statistically significant differences in infiltration
using this scoring system, a trend, showing increased immune cell presence with age and
estrogen deficiency at baseline and at 6 h and 24 h of reperfusion can be observed.
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Figure 3-9: H&E staining of LV sections from adult and MO OVX rat hearts at baseline
and following myocardial I/R. I/R LV sections were taken from the AAR, marked by
Evan’s Blue following euthanasia.

Figure 3-10: Scoring of H&E staining of LV sections from adult and MO OVX rat hearts
at baseline and following myocardial I/R. I/R LV sections were taken from the AAR.
Scoring was performed on a 0 to 4 scale (arbitrary units), with 0 indicating little to no
immune cell infiltration and 4 indicating extensive, widespread infiltration. Scoring was
performed blinded in order to avoid bias. Data are presented as a mean score (n = 2 – 6).
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Western Blotting
Figure 3-11 shows baseline adult and MO OVX LV expression levels of the
activated, cleaved form of caspase-1, p20, and the inactive precursor, pro-caspase-1.
Baseline MO OVX rats exhibited elevated levels of pro-caspase-1 in the LV, showing a
47% fold change in protein expression relative to adults. Similarly, baseline MO OVX rats
also had elevated levels of p20 in the LV, showing a 97% fold change in expression relative
to adults.

Discussion
To date, the specific mechanisms whereby age-associated estrogen deficiency
significantly exacerbates the severity myocardial I/R injury in females is poorly
understood. Additionally, few studies have examined the effects of age-associated estrogen
deficiency on the innate inflammatory response to I/R, which largely determine the extent
of ischemic damage and the efficacy of wound healing. Collectively, the data provided in
this study assess the combined effects age and estrogen deficiency on acute innate immune
cell function and systemic inflammatory responses to myocardial I/R injury. The
significant findings are as follows: 1) MO OVX rats exhibit elevated basal serum levels of
IL-10 and TNFα, as well as increased expression levels of pro-caspase-1 and active
caspase-1 subunit, p20, relative to adult rats, indicating the development of a chonic
inflammatory phenotype with age, 2) MO OVX rats had increased concentrations of IL-1β
and TNFα at 6 h and 10 min of reperfusion respectively when compared to adults, 3) MO
OVX BMDM, but not SM, showed blunted increases in IL-1β and IL-6 following 24 h
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Figure 3-11: Western blotting analysis of (A) pro-caspase-1 and (B) activated/cleaved
caspase-1 (p20) expression levels in LV from baseline adult and MO OVX rat hearts. *
p<0.05 effect of age and estrogen loss vs adult.
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treatment with LPS and IFNγ, suggesting impaired immune cell function with age and
estrogen loss.

Baseline serum cytokine changes with age-associated estrogen deficiency
Evidence from the literature suggests that aging results in the development of a
chronic inflammatory phenotype, characterized by increased ROS production, aberrant
NF-κB signaling and elevated basal levels of pro-inflammatory cytokines96–101. Further,
estrogen withdrawal may exacerbate the development of chronic inflammation, as estrogen
and estrogen receptor activity have potent immunosuppressive effects mediated primarily
through modulation of NF-κB activity16,17,123,124. Here, MO OVX rats exhibited
significantly elevated circulating levels of TNFα at baseline relative to adult counterparts
(Figure 3-3), providing evidence of the development of a chronic inflammatory state.
Previous data from our laboratory provided support for this finding, in that elevated
expression levels of cardiac TNFα mRNA were observed in aged females when compared
to adult. Further, aging and OVX exhibited an additive effect, showing an even greater
increase in TNFα expression relative to adult and aged rat hearts alone.
The link between age-associated estrogen withdrawal and the development of
chronic inflammation may be further supported by IL-10 serum concentration data
displayed in Figure 3-4. At baseline, MO OVX rats had significantly higher circulating
concentrations of IL-10 when compared to adults. MO OVX upregulation of the production
of IL-10, a potent anti-inflammatory mediator74, could point to a compensatory mechanism
aimed at suppressing the chronic inflammatory phenotype. Macrophages activated by proinflammatory cytokines, such as TNFα, have been shown to produce IL-10 and other
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immunosuppressive cytokines in order to inhibit excessive inflammatory responses84–86.
Collectively, the elevated basal levels of TNFα and IL-10 indicate aging and estrogen
withdrawal results in chronic, low-grade inflammation.
In addition to circulating serum cytokine analysis, morphological observations of
spleen length and hematocrit levels provide further evidence of chronic inflammation in
MO OVX rats. MO OVX rats exhibited significantly enlarged spleens relative to adult
counterparts (p<0.01). Additionally, MO OVX rats in many instances appeared to be
anemic, showing noticeably lower hematocrit levels than adult rats. Splenomegaly and
anemia are hallmarks of the ‘anemia of chronic inflammation’ (ACI), in which chronically
elevated pro-inflammatory cytokines, such as TNFα and IL-1β, and increased macrophage
activation collectively suppress erythropoiesis and erythroid precursor differentiation137.
Chronic activation of macrophages promotes erythrophagocytosis and decreases red blood
cell survival. The suppression of erythroid differentiation and reduced red blood cell
longevity ultimately culminates in low hematocrit levels and increased myeloid
differentiation in the bone marrow, leading to overproduction of white blood cells and an
enlarged splenic reservoir137.

Serum cytokine changes following myocardial I/R
The biphasic inflammatory cascade induced by myocardial I/R in male subjects is
well documented. Following I/R, DAMP-mediated cell signaling converges on NF-κB,
leading to the robust upregulation pro-inflammatory cytokines, including TNFα, IL-1β,
and IL-6, which serve to propagate the pro-inflammatory signaling cascade and stimulate
infiltrating immune cells61–65. Although the temporal dynamics of the inflammatory
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signaling vary slightly among studies using murine models, it is generally accepted that
significant upregulation of these pro-inflammatory cytokines can be observed within the
first 24 h of reperfusion, with a subsequent decline to baseline expression levels occurring
around 72 h of reperfusion63–65. We report a similar time course following myocardial I/R
in a physiologically relevant model of female aging. Significant increases in circulating IL1β and IL-6 were observed as early as 10 min in of reperfusion, with serum concentrations
peaking at 6 h of reperfusion in both age groups. Significantly elevated concentrations of
IL-1β and IL-6 persisted through 24 h of reperfusion, eventually declining to near baseline
levels at 72 h of reperfusion as expected. Circulating TNFα concentrations appeared to
peak earlier than 6 h of reperfusion. This result corroborates findings from previous studies,
which have demonstrated TNFα peaking as early as 1 h into reperfusion in murine models
of myocardial I/R61. However, additional serum concentrations from intermediate time
points should be collected to determine when TNFα production is at its highest point
following I/R. Similar to IL-1β and IL-6, TNFα levels also remained elevated through 24
h of reperfusion, eventually returning to baseline levels at 72 h of reperfusion.
The decline of inflammatory cytokine concentrations at 72 h of reperfusion is
consistent with the time course observed in male subjects in the literature, marking the
transition from the pro-inflammatory phase to the resolving, wound healing phase of
inflammation65,74,79,80. Our data show diminishing circulating concentrations of IL-1β, IL6, and TNFα corresponded with a concomitant increase in IL-10 observed from 24 h to 72
h of reperfusion. This analysis of the time course of inflammation following myocardial
I/R is further supported by H&E staining of LV sections. Increases in circulating IL-10
concentrations at 24 h and 72 h correspond with a large influx of infiltrating immune cells,
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along with visual hallmarks of matrix degradation and clearance of cell debris (Figure 39 and Figure 3-10). Taken together, the temporal correlation of these data suggest
macrophage-mediated efferocytosis serves as a driving force in the initiation of the
resolution of inflammation. However, additional western blotting and IHC targeting
specific M1 and M2 macrophage antigens are required to not only to strengthen this claim,
but also discern whether the transition is caused predominantly by recruitment of a
separate, phenotypically distinct population of monocytes or by a shift in the polarization
of macrophages that have already infiltrated the damaged myocardium.
Along with providing a clearer picture of the time course of inflammation in a
physiologically relevant model of female aging, serum cytokine concentration data also
potentially reveals a divergence in the inflammatory response to myocardial I/R with age
and estrogen loss. MO OVX rats showed greater increases in circulating concentrations of
TNFα at 10 min and 6 h of reperfusion when compared to adults (Figure 3-3). The disparity
in TNFα production following myocardial I/R is underscored by significantly elevated
basal levels of TNFα in MO OVX rats. Basal increases in TNFα levels with age-associated
estrogen deficiency serve as a marker of aberrant NF-κB signaling and chronic
inflammation, which potentially could explain larger increases in I/R-induced TNFα
production observed in MO OVX rats. Similarly, MO OVX rats had a greater increase in
IL-1β serum levels at 6 h of reperfusion relative to adult counterparts (Figure 3-1).
Although baseline serum concentrations of IL-1β in MO OVX rats were not significantly
different from that of adults, western blotting data shows significantly higher baseline
protein levels of pro-caspase-1 in the left ventricles of MO OVX rats compared to adult
(Figure 3-11). Elevated levels of pro-caspase-1 in MO OVX may indicate that age and
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estrogen loss impacts the activity of p53, which has been demonstrated to upregulate
transcription of caspase-1 in addition to pro-apoptotic genes138. Western blotting analysis
of p53 expression in the LV and in isolated immune cells is the objective of future studies.
Upregulation of pro-caspase-1 with age and estrogen deficiency provides further evidence
of chronically active pro-inflammatory gene transcription, which may predispose the aged
female rat heart to a larger inflammatory response to MI and reduced ischemic tolerance.
Given baseline increases in TNFα and pro-caspase-1 levels with age-associated estrogen
deficiency, we speculate that the development of a chronic inflammatory phenotype with
age and estrogen loss may potentiate a more severe inflammatory response to myocardial
I/R in the aged female rat heart. Notably, caloric restriction has been demonstrated in
PBMCs and monocytes, isolated from male and female human subjects, to suppress
excessive inflammasome activation and IL-1β production139. As such, caloric restriction
could be implemented as a potential therapeutic intervention that modulates exacerbated
pro-inflammatory signaling and macrophage activation, limiting excessive damage to the
myocardium and preserving heart function.
Previous studies analyzing the impact of age alone in male murine models have
suggested that increasing age might be associated with delayed, yet persistent proinflammatory phase following myocardial I/R95. Although comparison of MO OVX and
adult serum cytokine concentrations at 10 min and 6 h of reperfusion did reveal an ageassociated increase in the magnitude of the inflammatory response, analysis of serum
cytokine changes in both age groups following I/R did not indicate a temporal shift in the
inflammatory cascade. Here, no significant differences or patterns in cytokine production
between MO OVX and adult rats at 24 h and 72 h of reperfusion were observed, indicating
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resolution of pro-inflammatory signaling followed a similar time course in both age groups.
Similarly, H&E staining of LV tissue and the scoring of these images did not indicate any
delayed or aberrant infiltration of the myocardium with age and estrogen withdrawal. The
objective of future studies will be to collect serum, western blotting, and IHC data from
additional time points (5, 7, and 10 days of reperfusion) in order to strengthen this
conclusion and adequately evaluate the impact of age-associated estrogen deficiency on
infarct resolution. IHC staining should target neutrophil- and macrophage-specific antigens
in order to assess the timing and magnitude of LV infiltration for both innate immune cell
subtypes.

In vitro stimulus challenge of BMDM and SM
While age-associated development of chronic inflammation is well documented,
the impact of age on immune cell function in response to acute inflammatory stimuli less
clear. The purpose of conducting in vitro stimulus challenges of BMDM and SM from
adult and MO OVX rats was to discern alterations in immune cell function with age and
estrogen loss, which could potentially underlie any dysregulation of the larger
inflammatory response to myocardial I/R injury. Figure 3-5 provides evidence of impaired
immune responses to acute inflammatory stimuli, or ‘immune-senescence.’ The increase
in MO OVX BMDM IL-1β supernatant concentration following a 24 h LPS and IFNγ
stimulus was 69% lower than the increase observed in adult BMDM samples. Similarly,
the increase in MO OVX BMDM IL-6 supernatant concentration following a 24 h LPS an
IFNγ stimulus was 73% lower than the increase observed in adult BMDM samples. These
significant results are further supported by patterns observed with MO OVX BMDM
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following a 6 h LPS and IFNγ stimulus, showing blunted increases in IL-1β, IL-6, and
TNFα concentrations when compared to adults. Taken together, the data suggest that ageassociated estrogen deficiency may impair proper BMDM function.
Furthermore, there is conflicting evidence surrounding whether age-related defects
are predominantly associated with changes in the aging tissue microenvironment or
intrinsic age-associated defects in cell signaling. In the current study, the aged splenic
microenvironment does appear to impact the SM response to acute inflammatory stimuli.
MO OVX SM exhibited a significantly greater increase in IL-1β production following a 6
h stimulus of LPS and IFNγ relative to adult SM (Figure 3-5). Similar patterns are observed
with IL-1β production at the 24 h time point and with TNFα production at the 6 and 24 h.
Collectively, these results suggest that after differentiation and extravasation to the spleen,
aged SM responses to acute inflammatory stimuli may diverge from aged BMDM
responses. However, greater subject numbers are required to clarify if the patterns observed
in MO OVX SM are reproducible and whether the findings represent a true divergence
from the significant diminished responses observed in MO OVX BMDM. Notably, the in
vitro stimulus results should not be extrapolated to interpret changes in serum cytokine
levels. Specifically, the results of the in vitro stimulus challenge may be disconnected from
circulating serum cytokine concentrations because the systemic immune response is
regulated not only by immune cells, but also by “non-professional immune cells”, such as
cardiomyoctyes, fibroblasts, and endothelial cells, that all express PRRs and participate
actively in inflammatory signaling.
In summary, increased baseline levels of TNFα, IL-10, and caspase-1 proteins
indicate age-associated estrogen deficiency results in the development of a chronic
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inflammatory phenotype. The development of chronic inflammation with age and estrogen
loss is further supported by morphological indicators of anemia of inflammation. Cytokineinduced chronic macrophage activation suppresses erythropoiesis in the bone marrow,
resulting in diminished hematocrit and increased myeloid differentiation (splenomegaly).
Chronic upregulation of pro-inflammatory signaling may contribute to greater increases in
cytokine production observed with LPS-stimulated splenic macrophages in vitro. Chronic
inflammation and altered macrophage responses to inflammatory stimuli may underlie
excessive TNFα and IL-1β production observed in MO OVX following myocardial I/R,
which could ultimately lead to greater myocardial damage and decreased cardiac function.
In addition to implementing caloric restriction as a method of suppressing chronic
inflammation, administering a cocktail of immuno-suppressive cytokines and resolving
mediators upon reperfusion following an ischemic insult may represent a potential
therapeutic target to limit excessive pro-inflammatory signaling and preserve heart
function.
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Chapter 4
Conclusions and Future Directions
This study provides evidence that age and estrogen loss is associated with the development
of a chronic inflammatory phenotype, which may potentiate exacerbated pro-inflammatory
signaling following myocardial I/R and contribute to impaired immune cell function. Furthermore,
age-associated estrogen deficiency resulted in aberrant responses to acute inflammatory signaling,
which may underlie reduced ischemic tolerance observed in the aged, female heart. The significant
findings are as follows:

Specific Aim 1:
-

Elevated baseline levels of TNFα, IL-10, and caspase proteins provide evidence
of the development of chronic inflammation with age and estrogen loss

-

MO OVX exhibit greater increases in IL-1β and TNFα production following
I/R, suggesting chronic inflammation may potentiate excessive proinflammatory signaling

-

No significant differences in serum cytokine concentration were observed with
age and estrogen loss at 72 h of reperfusion, indicating age-associated estrogen
deficiency did not correlate with impaired resolution of the pro-inflammatory
signaling
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-

MO OVX BMDM exhibited blunted LPS-induced increases in IL-1β and IL-6,
indicating that age-associated estrogen deficiency may result in immunosenescence and impaired BMDM function

-

MO OVX SM had a tendency to have greater increases in LPS-induced proinflammatory cytokine production relative to adults, suggesting that the splenic
microenvironment may potentiate excessive pro-inflammatory responses

Specific Aim 2:
-

H&E staining revealed a tendency for increased immune cell recruitment at
baseline and following 6 h and 24 h of reperfusion, however further analysis is
required to conclude that age and estrogen loss is associated with greater
immune cell influx

Limitations
Several limiting factors were encountered while conducting this study. The
limitations of the study are as follows:
1. Aging model: The MO OVX rats could not tolerate 55 min of ischemia during
longer reperfusion time points consistently, developing respiratory distress and
other complications on several occasions. Additionally, MO OVX rats did not
consistently survive 7 day reperfusions, regardless of ischemia time. These
limitations, along with limited numbers of available rats, hindered our ability to
observe and analyze the entire time course of inflammation following
myocardial I/R.
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2. Small sample sizes: MO OVX rats needed to be aged for 7 mo and could only
be studied during a 2 mo window, greatly limiting the number of available
subjects for the study. Furthermore, single subjects were often being used for
multiple studies in order to obtain as much useable data from each animal as
possible. Given these constraints, the number of subjects per group for several
experiments was limited (in some cases to n = 2 in a group). This limitation
reduced statistical power and most likely reduced the probability of obtaining
significant results.
3. Rat tissue conflicts: As previously stated, single subjects were often being used
for multiple studies in order to obtain as much useable data from each animal
as possible. However, this often led to conflicts regarding the availability of
certain tissues. IHC sections of the LV in some instances were not of sufficient
size or quality to analyze, partly due to the need to collect a significant amount
of the LV for Western blotting. Additionally, there was a tradeoff between trunk
blood collected for serum cytokine analysis and blood obtained via cardiac
puncture, used for the isolation of PBMCs. Insufficient PBMC yields became a
limitation primarily because the blood collected had to be split between PBMC
isolation and centrifugation for serum collection.
4. Reliable antibodies against rat antigens: Several issues arose when attempting
to perform flow cytometry, western blotting, and IHC analyses of rat antigen
expression. TLR2, TLR4, iNOS, and Arginase-1 were all targets for western
blotting, however lack of signal detection with positive controls hindered
western blotting analysis. Similarly, complications were observed with flow
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cytometry due to limited availability and compatibility of antibodies offered.
The limited availability of reliable rat antibodies for our target antigens
hindered the comprehensive biochemical analysis of immune responses to
myocardial I/R.

Future Directions

In order to address the limitations identified, while expanding on the findings of
this investigation, several future studies have been proposed. Performing I/R surgeries with
longer reperfusion times (5 days, 7 days, and 14 days) is one of the primary objectives of
future studies, as it will provide a more complete picture of the resolution of the
inflammatory response. Evidence from the literature suggests that the anti-inflammatory
phase of myocardial I/R could extend out past 7 days. As such, longer reperfusion times
will need to be observed and evaluated for any divergence in the resolution of inflammation
with age.
Additionally, flow cytometry should be used to provide a comprehensive analysis
of circulating immune cells following I/R, indicating which cell types are present in what
quantities and monocyte/macrophage polarization at each reperfusion time point.
Further, additional assessments of immune cell function should be performed in
order to evaluate other facets that may be impaired by age-associated estrogen deficiency.
In vitro chemotaxis assays will determine whether efficient immune cell recruitment is
maintained with age and estrogen loss. Additionally, in vitro phagocytosis assays can
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assess whether efferocytosis is preserved in macrophages derived from aged, estrogen
deficient animals. Protein and mRNA will also be isolated and probed for comparison of
M1 and M2 marker expression levels, which will indicate any impaired polarization or
inflammatory signaling with age and estrogen loss. The inclusion of macrophages derived
from peripheral blood mononuclear cells is also a primary objective of future studies, as
evaluation of this cell population will help determine the impact of the aged systemic
microenvironment on immune cell function.
Another limitation of the investigation conducted was the inability to accurately
discern specific immune cell types using IHC and H&E staining. In future studies,
myeloperoxidase assays should be performed on LV sections at baseline and following I/R
for assessment of neutrophil recruitment. Further, LV sections should be stained with
antibodies that target M1 and M2-specific macrophage antigens, in order to evaluate any
age-associated estrogen deficiency effects on polarization of recruited macrophages. This
more targeted approach will allow for the identification of specific immune cell types, as
well as the specific polarization phenotypes of infiltrating macrophages.
Western blotting analysis should be expanded to include the following proteins
expressed in immune cells and the LV: M1 and M2 markers, NF-κB, phagocytic markers,
and cell adhesion molecules. Western blotting analysis of these protein expression levels
in the LV at baseline and following myocardial I/R will provide a more complete and
comprehensive analysis of the impact age-associated estrogen deficiency has on innate
immune responses to MI.
Finally, caloric restriction is proposed as a potential therapeutic intervention that
could limit adverse cardiac outcomes. Through suppressing excessive pro-inflammatory
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signaling from macrophages and the inflammasome and reducing oxidative stress, caloric
restriction could effectively limit excessive damage to the myocardium, preserving heart
function and preventing adverse remodeling.
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Appendix
Raw Data
Study # Group
1155
1822
1823
1837

Adult
Adult
Adult
Adult

1826
1830
1839
1841
1844

MO OVX
MO OVX
MO OVX
MO OVX
MO OVX

1754
1759
1764
1787
1792

Adult
Adult
Adult
Adult
Adult

1750
1752
1755
1757
1762
1765

MO OVX
MO OVX
MO OVX
MO OVX
MO OVX
MO OVX

1768
1795
1807
1812

Adult
Adult
Adult
Adult

1809 MO OVX
1813 MO OVX

Protocol

IL-10
Baseline
Baseline
29.17
Baseline
24.11
Baseline
22.59
Baseline
69.71
Average
36.40
SEM
11.19
Baseline
23.22
Baseline
24.08
Baseline
80.11
Baseline
109.68
Baseline
76.81
Average
62.78
SEM
16.97
55 min I/10 min R
55 min I/10 min R
31.53
55 min I/10 min R
35.76
55 min I/10 min R
34.47
55 min I/10 min R
24.64
55 min I/10 min R
25.71
Average
30.42
SEM
2.26
55 min I/10 min R
66.29
55 min I/10 min R
35.07
55 min I/10 min R
32.52
55 min I/10 min R
32.46
55 min I/10 min R
37.94
55 min I/10 min R
48.82
Average
42.18
SEM
5.42
55 min I/6 hr R
55 min I/6 hr R
57.25
55 min I/6 hr R
17.39
55 min I/6 hr R
18.21
55 min I/6 hr R
27.99
Average
30.21
SEM
9.33
55 min I/6 hr R
39.35
55 min I/6 hr R
15.68

IL-1Β

IL-6

TNFα

39.54
20.84
13.93
19.60
23.48
5.56
18.20
25.57
27.23
32.17
14.62
23.56
3.16

283.47
91.75
95.24
150.04
155.12
44.82
131.84
80.57
146.67
321.98
166.92
169.60
40.68

7.13
14.82
12.42
7.38
10.44
1.90
14.46
5.91
18.56
12.21
14.52
13.13
2.08

41.78
41.01
41.24
17.26
23.77
33.01
5.21
39.69
56.66
27.05
43.21
58.45
38.67
43.95
4.84

469.68
509.40
547.21
346.43
979.34
570.41
107.66
1558.40
543.33
776.07
452.70
244.99
568.70
690.70
187.27

21.78
33.83
22.49
15.77
31.92
25.16
3.37
32.83
47.77
28.52
39.43
22.46
49.15
36.69
4.36

108.01
74.05
52.67
160.82
95.85
33.07
252.44
139.04

61327.07
30542.33
17125.17
26290.33
33821.22
9586.43
60788.64
30126.38

19.51
7.40
19.27
16.37
15.64
2.84
30.84
14.72
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1818 MO OVX

1799 Adult
1814 Adult
1800 MO OVX
1811 MO OVX

1785 Adult
1827 Adult

1836 Adult
1848 Adult
1852 Adult
1700
1846
1842
1850
1845
896

MO OVX
MO OVX
MO OVX
MO OVX
MO OVX
MO OVX

1854 Adult
1855 Adult
1849
1851
1832
894

MO OVX
MO OVX
MO OVX
MO OVX

55 min I/6 hr R
29.71
Average
28.25
SEM
6.87
55 min I/6 hr R SHAM
55 min I/6 hr R Sham 46.40
55 min I/6 hr R Sham 42.88
Average
44.64
SEM
1.76
55 min I/6 hr R Sham 44.85
55 min I/6 hr R Sham 44.10
Average
44.47
SEM
0.38
55 min I/24 hr R
55 min I/24 hr R
24.95
55 min I/24 hr R
26.21
Average
25.58
SEM
0.63
31 min I/24 hr R
31 min I/24 h R
44.33
31 min I/24 h R
36.35
31 min I/24 h R
71.46
Average
40.34
SEM
3.99
31 min I/24 h R
51.90
31 min I/24 h R
36.00
31 min I/24 h R
59.27
31 min I/24 h R
68.50
31 min I/24 h R
61.96
31 min I/24 h R
37.78
Average
52.57
SEM
5.42
31 min I/3 day R
31 min I/3 day R
65.71
31 min I/3 day R
53.54
Average
59.63
SEM
6.08
31 min I/3 day R
33.17
31 min I/3 day R
55.79
31 min I/3 day R
56.80
31 min I/3 day R
36.95
Average
45.68
SEM
6.18

146.74
179.41
36.59

21205.36
37373.46
11987.48

18.44
21.33
4.87

78.62
82.59
80.60
1.98
29.11
136.16
82.63
53.53

12627.62
6491.51
9559.57
3068.05
2267.13
10464.39
6365.76
4098.63

10.02
7.97
8.99
1.03
6.01
16.33
11.17
5.16

27.24
24.19
25.72
1.53

334.65
161.80
248.22
86.43

9.80
6.23
8.02
1.78

60.74
66.88
73.38
63.81
3.07
86.15
28.01
31.83
59.41
33.08
50.95
48.24
9.09

5027.44
6853.24
19451.82
5940.34
912.90
11538.93
857.49
860.56
8010.76
6614.59
11902.29
6630.77
2003.41

18.42
16.97
19.44
17.70
0.72
39.61
12.59
6.99
16.17
12.26
18.78
17.73
4.67

22.15
21.24
21.70
0.45
26.68
21.88
25.10
29.33
25.75
1.56

497.04
403.05
450.04
47.00
445.84
576.28
522.31
251.00
448.86
71.18

8.85
7.26
8.06
0.80
9.02
6.00
7.73
8.12
7.72
0.63

Table A-1: Adult and MO OVX serum IL-1β, IL-6, TNFα, and IL-10 concentrations (pg/mL) at
baseline and following myocardial I/R.
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Cell Type
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

Cell Type
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

Adult
1847
1853
1856
Average
0.20
1.07
0.00
0.42
1.76
1.75
0.00
1.17
30.33 135.48 40.43
68.75
52.59 392.80 255.55
233.65
1.36
1.00
0.00
0.79
1.90
2.15
0.00
1.35
5.87
4.20
10.41
6.83
7.90
6.66
31.69
15.42
MO OVX
1839
1841
1844
1860 Average
0.95
0.00
0.00
0.00
0.24
0.25
0.00
0.00
0.00
0.06
28.37 25.24 77.35 91.08
55.51
140.99 96.79 366.73 254.82 214.83
0.93
0.00
0.00
0.31
0.74
0.75
0.00
0.50
45.99
8.49
11.37
21.95
49.80 15.80 29.48
31.69

SEM
0.33
0.59
33.49
98.82
0.41
0.68
1.85
8.14
SEM
0.24
0.06
16.82
60.59
0.31
0.25
12.05
9.88

Table A-2: Adult and MO OVX BMDM and SM IL-10 supernatant concentrations (pg/mL)
following in vitro stimulus challenge with either a combination of 25 ng/mL LPS and 25 U/mL
IFNγ or vehicle.

Adult
Cell
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Cell Tx
BMDM Vehicle

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

1847
0.00
0.00
1551.07
3389.74
5.09
5.25
248.52
520.30

Time 1839
6 hr
0.00

1853
0.00
4.19
2927.38
7412.89
0.00
8.95
427.15
937.59
1841
0.00

1856
0.00
0.00
391.02
816.33
0.00
6.41
1285.87
3097.76
MO OVX
1844
1860
0.00
0.00

Average
0.00
1.40
1623.15
3872.99
1.70
6.87
653.85
1518.55

SEM
0.00
1.40
733.07
1919.53
1.70
1.09
320.19
798.74

Average SEM
0.00
0.00

88
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

0.00
386.15
578.34
0.00
7.41
3220.05
5111.90

5.76
402.28
710.76
5.56
5.69
1439.75
3092.14

3.79
826.15
1437.23
28.48
31.35
1174.44
2573.32

7.81
4.34
1823.27 859.47
2082.06 1202.10
11.35
14.82
1944.75
3592.45

1.66
337.03
348.82
8.72
8.28
642.24
774.35

Table A-3: Adult and MO OVX BMDM and SM IL-1β supernatant concentrations (pg/mL)
following in vitro stimulus challenge with either a combination of 25 ng/mL LPS and 25 U/mL
IFNγ or vehicle.

Adult
Cell
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

1847
45.63
136.43
13007.22
19451.15
55.80
164.00
1686.87
1544.80

1853
95.43
146.75
15823.25
27652.63
71.83
138.10
2566.72
3319.70

Cell
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

1839
37.88
42.15
7889.81
4649.39
51.48
34.33
4980.79
4677.86

1841
61.90
57.09
3184.42
4492.13
51.08
64.24
4138.76
5730.03

1856
8.20
7.23
1486.18
2560.36
17.57
15.63
2808.95
7310.67
MO OVX
1844
1860
0.00
48.50
0.00
57.48
9057.52 983.45
6156.07 2320.10
5.80
15.80
2078.14
4401.71

Average
49.75
96.80
10105.55
16554.71
48.40
105.91
2354.18
4058.39

SEM
25.27
44.88
4385.68
7386.87
16.09
45.76
340.91
1704.95

Average
37.07
39.18
5278.80
4404.42
36.12
38.12
3732.56
4936.53

SEM
13.30
13.54
1913.39
789.53
15.16
14.11
862.19
404.68

Table A-4: Adult and MO OVX BMDM and SM IL-6 supernatant concentrations (pg/mL)
following in vitro stimulus challenge with either a combination of 25 ng/mL LPS and 25 U/mL
IFNγ or vehicle.
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Adult
Cell
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

1847
3.44
5.80
15302.02
13654.59
2.56
3.84
2376.57
1792.67

1853
3.56
6.16
22693.21
16688.02
2.15
3.70
1937.10
1587.80

Cell
BMDM
BMDM
BMDM
BMDM
Spleen
Spleen
Spleen
Spleen

Tx
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ
Vehicle
Vehicle
LPS + IFNγ
LPS + IFNγ

Time
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr
6 hr
24 hr

1839
2.08
1.62
13286.09
7769.84
1.43
2.47
12150.71
5741.47

1841
1.19
1.22
5481.10
4578.26
2.24
3.46
4131.93
4243.74

1856
0.22
0.00
2946.26
4039.53
2.47
2.52
3513.41
4970.05
MO OVX
1844
1860
1.05
2.30
1.91
9.30
10923.09 7159.87
5902.42 5779.80
3.63
5.14
3772.25
4371.69

Average
2.41
3.99
13647.16
11460.71
2.40
3.35
2609.03
2783.51

SEM
1.10
2.00
5760.19
3812.52
0.12
0.42
469.65
1094.87

Average
1.66
3.52
9212.54
6007.58
2.43
3.69
6684.96
4785.63

SEM
0.31
1.93
1771.46
659.01
0.64
0.78
2734.84
479.34

Table A-5: Adult and MO OVX BMDM and SM TNFα supernatant concentrations (pg/mL)
following in vitro stimulus challenge with either a combination of 25 ng/mL LPS and 25 U/mL
IFNγ or vehicle.
Sample Section

Group

1823 N/A

Adult Baseline

1847
1837
1853
1856
1822

Adult Baseline
Adult Baseline
Adult baseline
Adult Baseline
Adult Baseline
Average
MO OVX
Baseline
MO OVX
Baseline
MO OVX
Baseline

N/A
N/A
N/A
N/A
N/A

1844 N/A
1839 N/A
1826 N/A

Score Granulation
Tissue
1
2 - 3 small areas

0
1
1
0
0
0.5
1

None noticeable

Minimal infiltration, 2 - 3
noticeable foci of infiltrating
cells
Very small tissue section

one small area
None noticeable
None noticeable

Minimal infiltration

1 small area

1 cluster of infiltrating cells, very
small tissue section
Small tissue section

Some small areas

Minimal infiltration, 2 - 3
noticeable foci of infiltrating
cells

0
1

Notes
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1830 N/A

2

Noticeable

Multiple areas of infiltration

1799 N/A

MO OVX
Baseline
Average
Adult Sham

1
1

2 - 3 small areas

1814 N/A

Adult Sham

1

2 - 3 small areas

1799 N/A

Adult Sham
Average
MO OVX
Sham
MO OVX
Sham

1
1
1

Several small areas

Minimal infiltration, 2 - 3
noticeable foci of infiltrating
cells
Minimal infltration, 2 - 3
noticeable foci of infiltrating
cells
2 small foci of infiltrating cells

1

1 or 2 small areas

MO OVX
Sham
Average
Adult 55 min
I/6 h R

1

Several small areas

Adult 55 min
I/6 h R
Adult 55 min
I/6 h R
Adult 55 min
I/6 h R
Adult 55 min
I/6 h R
Adult 55 min
I/6 h R
Average
MO OVX 55
min I/6 h R
MO OVX 55
min I/6 h R
Average
Adult 31 min
I/24 h R
Adult 31 min
I/24 h R
Average
MO OVX 31
min I/24 h R

1

None noticeable

2

None noticeable

1

Several small areas

1

Several small areas

Half of tissue = mild infiltration,
other portion = moderate
infiltration
Minimal infiltration, some
staining artifacts
Infiltration is ~uniform, not a lot
of clusters
Some small foci of infiltrating
cells
Minimal infiltration

1

one noticeable area

Minimal infiltration

1.33
3

Some small areas

1

one prominent area

Noticeable infiltration, well
distributed
1 site of infiltration

2
2

Several small areas

Noticeable infiltration

2
1

2 - 3 small areas

MO OVX 31
min I/24 h R

3

Multiple areas

Minimal infiltration, 2 - 3
noticeable foci of infiltrating
cells
Noticeable infiltration

1811 N/A
1800 N/A
1821 N/A
1807 AAR
1795 AAR
1780 AAR
1768 AAR
1812 AAR
1835 AAR
1831 AAR
1781 AAR
1848 AAR
1852 AAR
1846 AAR
1845 AAR

1
2

2 small areas

Noticeable in a
significant area

Minimal infiltration, 2 noticeable
foci of infiltrating cells
Minimal infiltration, 2 - 3
noticeable foci of infiltrating
cells
2 - 3 foci of infiltrating cells

2
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1842 AAR
1854 AAR
1855 AAR
1857 AAR
1849 AAR
1832 AAR
1851 AAR

MO OVX 31
min I/24 h R
Average
Adult 31 min
I/3 day R
Adult 31 min
I/3 day R
Adult 31 min
I/3 day R
Average
MO OVX 31
min I/3 day R
MO OVX 31
min I/3 day R
MO OVX 31
min I/3 day R
Average

3

Multiple areas

Noticeable infiltration

2.33
4

Extensive

Severe infiltration

4

Extensive

Severe infiltration

4

Extensive

Severe infiltration

4
4

Widespread

Severe infiltration

4

Extensive

Severe infiltration

4

Extensive

Severe infiltration

4

Table A-6: Scoring and observations made for H&E stained LV sections from adult and MO
OVX rat hearts at baseline and following myocardial I/R
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Figure A-1: Representative images of scoring system for H&E stained LV sections from adult
and MO OVX rat hearts at baseline and following myocardial I/R. I/R LV sections were taken
from the AAR.
Gel 1 Raw
Data
Adult
Baseline
Adult
Baseline
Adult
Baseline
Adult
Baseline
MO OVX
Baseline
MO OVX
Baseline
MO OVX
Baseline
MO OVX
Baseline

9077.51

Group
Mean

Normalized to Normalized
adult baseline Mean
within gel

Corrected

SEM

9038.98

1.00

1.00

1.00

0.08

1.48

1.48

0.09

7245.73

0.80

9066.39

1.00

10766.29

1.19

11660.58

13398.54

1.29

13255.58

1.47

12998.58

1.44

15679.41

1.73
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Table A-7: Western blotting densitometry analysis for LV pro-caspase-1 expression levels in
baseline adult and MO OVX rats.
Gel 1 Raw Data

Adult
Baseline
Adult
Baseline
Adult
Baseline
Adult
Baseline
MO OVX
Baseline
MO OVX
Baseline
MO OVX
Baseline
MO OVX
Baseline

3903.25

Group
Mean

Normalized to
adult baseline
within gel

Normalized
Mean

Corrected

SEM

5978.42

0.65

1.00

1.00

0.22

1.97

1.97

0.15

4028.78

0.67

6526.85

1.09

9454.80

1.58

11654.46

11799.96

1.95

10242.92

1.71

10871.80

1.82

14430.65

2.41

Table A-8: Western blotting densitometry analysis for LV p20 (cleaved, active form of caspase1) expression levels in baseline adult and MO OVX rats.
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Figure A-2: Immunoblots of total expression levels of (A) pro-caspase-1 and (B) p20 (cleaved,
active form of caspase-1) in LV at baseline for adult and MO OVX rats.

B

SS Log

A

BMDM FITC-CD11b Events

SM FITC-CD11b Events

Figure A-3: Flow cytometry analysis of purity of in vitro macrophage populations. Cells isolated
from rat bone marrow and spleens were cultured in L929 conditioned complete media for 7 days.
Adherent cells were washed with 1X PBS and received fresh media on day 3 of cell culture.
Resulting BMDM (A) and SM (B) were harvested and stained with FITC-conjugated CD11b
(general macrophage marker) to assess population purity.
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Detailed Protocols

Cardiac Puncture and Density Gradient Isolation of PBMCs and PMNs:
1. Remove OptiPrep, Solution B, RPMI media, and 6% Dextran from the fridge and place
the solutions in the hood to get them to RT
2. Turn on the hood light and blower; allow blower to run for a minimum of 20 min before
use
3. Wipe down cell culture hood surface with 70% ethanol
4. Turn on centrifuge – needs to be at RT
a. Set to 1930 rpm (700 x g), 20 min, and 20° C
b. NOTE: Set acceleration to 1 and deceleration to 0
5. Turn on water bath to 37° C
6. Obtain blood from rat by cardiac puncture
a. Prepare syringes, needles, and tubes with anticoagulant
i. Pull heparin into 3 ml syringe and empty to coat inside
ii. Add heparin to 15 ml conical tube for collecting blood (15 ul per ml of
blood)
b. Anesthetize rat with IP injection of pentobarb
c. When there is no longer a tail reflex, wipe down chest/abdomen with isopropanol
wipes
d. Cut the fur back and wipe again with isopropanol wipes to remove loose fur
e. Perform normal thoracotomy by cutting through the muscle and diaphragm to
visualize heart
f. Insert 22G needle bevel side up into the apex of the LV while slightly pulling on
plunger until blood begins to enter the hub of the needle
g. Stop at this point and then continue to slowly draw up blood
h. When full remove needle from heart, remove needle from syringe, and slowly
dispense into heparinized tube, invert the tube to mix
i. Use second prepared syringe to draw up more blood following the same
procedure
j. Invert tube containing blood 10 times gently to mix
k. Cut aorta to verify euthanasia
7. Carry rat whole blood collected by cardiac puncture to cell culture hood
a. NOTE: Spray hands and all items with 70% Ethanol before putting in the
cell culture hood in all steps
8. Dilute 10 ml Solution B with 2 ml ddH2O (or volume ratio 2.5:0.5 respectively) with
serological pipette for Solution B and p1000 for ddH2O
a. Invert a few times to mix thoroughly
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9. Dilute 2.7 ml OptiPrep with 9.3 ml of diluted Solution B (or volume ratio 2.7:9.3
respectively) using 5 ml and 10 ml serological pipettes
a. NOTE: OptiPrep is very viscous – Make sure that the correct volume has been
measured when the serological pipette is removed from the stock solution (tends
to pull the liquid level down)
b. Invert a few times to mix thoroughly
c. Do not shake or pipette vigorously
10. Dilute whole blood with equal volume of undiluted Solution B using a 5 ml serological
pipette (ex: dilute 6 ml of blood with 6 ml of undiluted Solution B)
a. Pipette up and down to thoroughly mix blood and Solution B
b. Save pipette and place back in wrapper – can be used to layer diluted blood over
gradient
11. Add diluted OptiPrep to a fresh conical tube in half the total amount of diluted blood
using a serological pipette (ex: 6 ml of diluted blood requires 3 ml of OptiPrep)
12. Carefully layer diluted blood onto OptiPrep gradient with the same serological pipette
from step 8
a. Do this very slowly with the tip of the pipette against the side of the tube close to
the gradient surface, allowing blood to slowly fall over top of the gradient
b. Avoid mixing at the interface as much as possible
13. Carry tube to the centrifuge and spin at 1930 rpm (700 x g) for 20 min at 20° C (make
sure that brake/deceleration = 0 and acceleration = 1)
14. Bring the tube back to the hood and remove plasma layer to just above (~ 2 ml) the
PBMC buffy coat using a 2 ml serological pipette
15. Slowly draw up buffy coat layer while rotating conical tube using a 2 ml serological
pipette and put into fresh conical tube (tube #2 – PBMCs)
a. Do not try to collect all at once – Draw up some of the buffy coat multiple
times until the layer is no longer visible
b. NOTE: It is easier to keep the pipette stationary and level while collecting and
rotate the tube, rather than keeping the tube stationary and trying to move the
pipette tip manually
c. This layer contains PBMCs – monocytes and lymphocytes
16. Dilute collected buffy coat with 2X volume of undiluted Solution B (ex: Dilute 5 ml of
buffy coat with 10 ml of undiluted Solution B)
a. Invert tube a few times to mix thoroughly
b. Reduces density of the solution, making it easier for cells to pellet
17. Centrifuge tube #2 at 1460 rpm (400 x g) for 10 min at 20° C
a. Reset acceleration and deceleration/brake to 9, normal setting
18. Remove and discard any remaining OptiPrep gradient from the original tube (tube #1 –
PMNs), leaving behind RBCs and PMNs/granulocytes
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19. Add 2 ml 6% Dextran to pellet and bring to 7 ml with 1X PBS using serological pipettes
20. Invert a few times to homogenize and place upright in water bath at 37° C for 20 min
a. Use flat folded pieces of foil with small holes cut in the center to hold to tube #1
upright
21. Remove tube #2 from the centrifuge, bring the tube back to the hood, and assess the
composition of the pellet
a. If not very red – Remove supernatant (pour or pipette)
i. Vortex for ~5 seconds on max setting to disturb pellet, vortex again for
~5 seconds if the pellet has not been broken up
ii. Resuspend in 1 – 5 ml Solution B (or RPMI media) depending on the
size of the pellet
iii. These cells are ready to be counted
b. If red – Remove supernatant (pour or pipette)
i. Vortex for ~5 seconds on max setting to disturb pellet, vortex again for
~5 seconds if the pellet has not been broken up
ii. Add 5 ml ACK Lysing Buffer, invert tube, and let sit for 5 min
iii. Add 10 ml Solution B (or RPMI media) to stop the reaction
iv. Centrifuge at 1460 rpm (400 x g) for 10 min at 20° C
v. Bring tube #2 back to the hood, remove supernatant, resuspend pellet in
5 ml Solution B (or RPMI) and centrifuge again at 1460 rpm for 10 min
at 20° C
vi. Bring tube #2 back to the hood, remove supernatant, vortex the pellet
briefly on max setting, and add 1 – 5 ml Solution B depending on the
size of the pellet (PBMCs ready to be counted)
22. When 20 min is up, remove tube #1 from the water bath and carry to the hood
23. Collect supernatant from tube #1 using a serological pipette and put into a fresh conical
tube (still labeled tube #1)
24. Centrifuge tube #1 at 1460 rpm (400 x g) for 10 min at 20° C
25. Bring tube #1 back to the hood, remove supernatant (pour or pipette) and vortex pellet
a. NOTE: turn speed of vortex down to setting 4 whenever handling tube #1
26. Add 5 ml ACK Lysing Buffer for 5 min
27. Stop the reaction by adding 2X volume of 1X PBS or RPMI media (ex: Dilute 5 ml with
10 ml of 1X PBS or RPMI media
28. Centrifuge at 1460 rpm (400 x g) for 10 min at 20° C
29. Bring tube #1 back to the hood, remove supernatant, vortex pellet (lower setting), and
add 5 ml 1X PBS or RPMI media
30. Centrifuge at 1460 rpm (400 x g) for 10 min at 20° C
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31. Bring tube #1 back to the hood, remove supernatant, vortex the pellet (lower setting), and
add 1 ml 1X PBS or RPMI media
a. Tube #1 should now contain mostly PMNs that are ready to be counted
Cell Counting:
1. Wipe coverslip and bottom of hemocytometer with 70% ethanol before bringing to hood
2. In the cell culture hood, add 180 ul of Trypan Blue to one well of a 96 well plate
3. Gently swirl or flick tube containing collected cells in 1X PBS or RPMI media to mix
a. NOTE: Large clumps or uneven distribution of cells in solution will give an
inaccurate cell count, must be homogenized
4. Draw up 20 ul of cell suspension, pipetting up and down 10 times before drawing up
complete volume to ensure cells are not settled or clumped
5. Mix 20 ul of cells with 180 ul of Trypan Blue, pipetting up and down 10 times and
swirling pipette tip simultaneously to mix well
6. Pipette 20 ul of cell and Trypan Blue mixture into one chamber of the hemocytometer
a. NOTE: Pipette slowly, trying to keep entire volume in one side of the chamber,
pipetting to fast can cause cell mixture to get drawn into the other side of the
chamber
7. Carry hemocytometer to the light microscope and at 10X magnification, adjust focus
until the quadrants/grids can be visualized
8. Starting at the upper left quadrant (4 x 4 grid), use clicker to count the total number of
cells in the 4 x 4 grid
a. NOTE: Distinguish between viable and nonviable cells – nonviable cells will
be stained blue by Trypan Blue, while viable cells should be relatively clear
(trypan blue exclusion)
b. NOTE: Include cells that are on the lines that mark the bottom and right-hand
borders of the the 4 x 4 upper left quadrant, do not count the cells that are on the
lines that mark the top and left-hand borders of the quadrant
9. Repeat step 8 for each 4 x 4 grid, moving from the upper left to upper right, from upper
right to bottom right, and finally from bottom right to bottom left, counting all viable and
nonviable cells within the boundaries for each quadrant
10. Wipe hemocytometer chambers and coverslip with Kim wipe and 70% ethanol
11. Calculate the percentage of viable cells from all four quadrants counted
a. (# of viable cells/total number of cells) x 100 = percentage of viable cells
b. Ex: 90 viable cells/100 total cells counted x 100 = 90% viability
12. Calculate the number of cells per ml of 1X PBS or RPMI media
a. (# of viable cells/4 grids) x 10 x 104 = # of cells per ml
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b. Ex: (90 viable cells/4) x 10 x 104 = 2.25 x 106 cells/ml
13. Multiply the number of cells per ml by the total volume of the cell resuspension to
calculate the total number of cells isolated
a. Ex: 2.25 x 106 cells/ml x 5 ml (1X PBS or RPMI media) = 1.125 x 107 total cells
isolated
14. Divide the total number of cells isolated by the volume of whole blood collected to
calculate the number of cells per ml of blood
a. Ex: 1.125 x 107 total cells/ 6 ml of whole blood = 1.88 x 106 cells/ml of blood
Bone Marrow Isolation:
Solution Preparation:
Complete DMEM media:
1. Thaw aliquots of FBS (50 mL) and Pen/Strep antibiotics (5 mL)
2. In cell culture hood, combine 50 mL FBS, 5 mL Pen/Strep, and 445 mL of base DMEM
media to make complete DMEM supplemented with 10% FBS and 1% Pen/Strep
3. In cell culture hood, sterile filter complete media mixture
4. Label container with filtered complete media and store at 4 degrees C
Preparation: (spray workspace and all materials, including hands, entering hood with 70%
ethanol)
1. Fill 100 mm plate half way with 70% ethanol
2. Fill another 100 mm plate half way with base DMEM media
3. Add 12 mL base DMEM media to 15 mL conical tube using 10 mL serological pipette
Femur and Tibia Dissection:
4. After euthanasia and other tissue collection, cut down the side of the leg, separating skin
and fur to expose muscle sheath covering the bones of the leg
5. Brace the abdominal cavity with one hand and simultaneously pull the leg forcefully with
the other hand to dislocate the femoral head
6. Penetrate and cut through the sheath muscle, moving up the leg from the ankle to the
pelvis
7. Locate the tibia and pierce the remaining muscle with the closed point of the surgical
scissors, inserting the pointed end of the scissors as close as possible to the bone (without
breaking the bone)
8. Open and expand the blades of the scissors to disrupt connective tissue attaching muscle
to bone
9. Remove most of the muscle by cutting tendons at the ankle and the knee
10. Twist the foot and remove in order to expose base of the tibia
11. Repeat steps 7 – 9 for the femur, cutting the connective tissue and remaining muscle at
the knee and the pelvic joint
12. Twist and pull the femur at the pelvic joint to remove and place both femur and tibia in
100 mm plate containing 70% ethanol
13. Repeat steps 4 – 12 for the other leg (should have 4 bones total in 70% ethanol, 2 femur
and 2 tibia)
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14. Remove remaining connective tissue and muscle from bones by wiping with gauze
soaked lightly in 70% ethanol
15. Place 100 mm plate containing bones in cell culture hood
Bone Marrow Cell Isolation:
16. Transfer bones to 100 mm plate containing base DMEM media to rinse off 70% ethanol
17. Rest the cell strainer inside the top of a 50 mL conical tube
18. Using surgical scissors (or razor blade?) and forceps to brace, cut the very ends of one
femur
19. Using 25G needle and 3 ml syringe, draw up some of the media from the conical tube
containing 12 mL DMEM and flush the bone marrow out of the femur over top of the
cells trainer, moving the needle up and down to scrape the insides of the bone
20. Flush the bone with media until the inside of the bone no longer appears red (should look
white)
21. Repeat steps 18 – 20 with the remaining three bones, collecting the bone marrow cell
suspension all in one 50 mL conical tube after straining
22. Centrifuge cell suspension at 1500 rpm for 10 min at 4 degrees C
23. Discard supernatant, decanting into waste container
24. Vortex pellet at about half the max setting
25. Re-suspend pellet in 5 mL of either complete DMEM media (for cell culture) or FACS
buffer (for flow cytometry) using a serological pipette
26. Add 20 uL of cell suspension to 180 uL of Trypan Blue on 96 well plate and pipette up
and down to mix thoroughly
27. Take 20 uL of that mixture and pipette into chamber on hemocytometer.
28. Obtain cell count and adjust suspension concentration accordingly (seeding density for
cell culture or 1 – 5 x 10^6 cells/mL for flow cytometry)
Spleen isolation:
Solution Preparation:
Complete RPMI media:
5. Thaw aliquots of FBS (50 mL) and Pen/Strep antibiotics (5 mL)
6. In cell culture hood, combine 50 mL FBS, 5 mL Pen/Strep, and 445 mL of base RPMI
media to make complete RPMI supplemented with 10% FBS and 1% Pen/Strep
7. In cell culture hood, sterile filter complete media mixture
8. Label container with filtered complete media and store at 4 degrees C
Preparation: (spray all materials, including hands, entering hood with 70% ethanol)
29.
30.
31.
32.

Fill Styrofoam container with ice and place in cell culture hood
Place 100 mm plate on ice
Add ~4-5 mL of base RPMI media to 15 mL conical tube (for spleen collection)
Add 10 mL of base RPMI media to another 15 mL conical tube (for splenocyte
collection)

Cell Isolation Protocol:
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33. After euthanasia, remove spleen from abdominal cavity, using sterile forceps to clean off
as much connective tissue, and place in 4-5 mL of base RPMI media
34. Bring conical tube containing spleen in media to cell culture hood and place on ice
35. Transfer spleen to cell strainer
36. Using 22G needle and 5 ml syringe, draw up some of the media from the conical tube
containing 10 mL of RPMI and dispense into spleen capsule, making sure cell strainer is
over 100 mm plate
37. Using flat end of syringe plunger, disrupt spleen capsule by pressing firmly against
spleen applying force in a circular motion over the cell strainer
38. Use media collected in the 100 mm plate and a 10 mL serological pipette to wash
disrupted spleen capsule and cell strainer 5 – 6X
39. Transfer cell suspension from 100 mm plate to 15 mL conical tube using the same 10 mL
serological pipette
40. Use additional 5 mL of fresh base RPMI media and a 10 mL serological pipette to wash
100 mm plate and add to cell suspension in 15 mL conical tube
41. Bring volume up to 15 mL with fresh base RPMI media
42. Centrifuge cell suspension at 1500 rpm for 10 min at 4 degrees C
43. Discard supernatant, decanting into waste container
44. Vortex pellet at about half the max setting
45. Re-suspend pellet in 5 mL ACK lysing buffer for 5 minutes
46. Add 10 mL base RPMI media to stop the reaction
47. Centrifuge cell suspension at 1500 rpm for 10 min at 4 degrees C
48. Discard supernatant, decanting into waste container
49. Vortex pellet at half the max setting
50. Re-suspend pellet in 10 mL of either complete RPMI media (for cell culture) or FACS
buffer (for flow cytometry) using a 10 mL serological pipette
51. Add 20 uL of cell suspension to 180 uL of Trypan Blue on 96 well plate and pipette up
and down to mix thoroughly
52. Take 20 uL of that mixture and pipette into chamber on hemocytometer.
53. Obtain cell count and adjust suspension concentration accordingly (seeding density for
cell culture or 1 – 5 x 10^6 cells/mL for flow cytometry)

MSD Multi-plex Assay Protocol
Blocking Incubation:
1. Add 150 ul of blocker H to each well (invert a few times before adding to reservoir –
dump entire bottle; then put back in vile when finished loading)
a. When using half a plate, seal ½ of plate to avoid inadvertently adding anything to
it (use adhesive plate seal)
b. Pre-wet multichannel pipette, brushing tips on reservoir before loading
c. Don’t need to do a complete blow out (can introduce bubbles); stop at the
pipette’s 1st stop
d. Load wells vertically, avoiding touching or scraping the bottom of the wells
2. Seal plate of loaded wells and incubate at room temperature for 1 hr with constant
shaking at 500-550 rpm (Setting #5.5 recommended)
3. While the plate is blocking for 1 hr, label standard curve tubes (S1-S8) and sample tubes
(***don’t use polysterine tubes at any step – cytokines will stick; use polypropylene)
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4. IMPORTANT NOTE: Because we initially used ½ a plate, the volumes for the calibrator
were cut in ½.
5. Reconstitute the calibrator with diluent 42 with 1000 ul
a. Residue may be on cap, lift open slightly and add diluent
b. Invert and vortex; let stand for at least 5 min
6. Prepare the next calibrator by transferring 100 uL of the highest calibrator to 300 uL of
diluent 42
a. Mix well by vortexing
7. Repeat the previous step of a 4-fold serial dilution 5 additional times to generate 7
calibrators, with diluent 42 as the zero calibrator
8. Dilute samples during 1 hr blocking step with diluent 42 as well
a. Vortex sample for ~ 5 seconds
b. For 4-fold dilution, add 25 uL of sample to 75 uL of diluent 42
c. Vortex mixture for ~ 5 seconds
d. Keep on ice until blocking step is complete
e. ***note if samples have been freeze thawed more than 3 times will lead to
degradation of cytokines
Sample Incubation:
9. After blocking for 1 hour, wash plate 3X with at least 150 uL of wash buffer (PBS +
0.05% Tween-20, or MSD Wash buffer (20X) in ddH2O)
a. Quickly invert plate with blocking buffer over the sink and forcefully shake the
plate once to pour out the blocking buffer
b. Gently tap plate upside down on paper towels to drain any excess buffer from
wells
c. Add wash buffer to reservoir
d. Use multichannel pipette to add 150 uL of wash buffer to each well of the plate
i. Make sure to waste the first ejection before adding wash buffer to the
plate wells
e. Pour wash buffer into the sink and gently tap plate upside down on paper towels
f. Repeat wash steps 2 more times
10. Add 50 uL of calibrators or sample to the designated wells and incubate sealed at room
temperature for 2 hr with constant shaking at 500-550 rpm
11. While the samples are incubating on the plate for 2 hr (towards the end of the incubation
period), prepare detection antibody solution
a. Combine 30 uL (60 uL for a full plate) of each supplied detection antibody (4 for
our specific plate)
b. Bring the final volume to 1.5 mL using Diluent 40 (NOT DILUENT 42)
c. Vortex to mix
Antibody Detection Solution Incubation:
12. After the 2 hr sample incubation period, repeat the wash steps from step #9
13. Add 25 uL of the detection antibody solution to each well, incubate sealed at room
temperature for an additional 2 hr, shaking at 500-550 rpm
14. Towards the end of the antibody incubation period, prepare the read buffer
a. For 1 entire plate, combine 10 mL of read buffer (4X) with 10 mL of ddH20 to
make a 2X working solution
b. Excess read buffer may be saved in a tightly sealed container for up to one month
at room temperature
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15. After 2 hr antibody incubation period, repeat wash steps from step #9
16. Once MSD instrument is completely set up and ready to run (described in following
steps), add 150 uL of 2X read buffer to each well (no incubation period required)

