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ABSTRACT

The increased inflammation accompanying aging has been partially attributed to a shift in
macrophage phenotype. Macrophages, cells of innate immunity, exist within a spectrum ranging
from proinflammatory (M1) to anti-inflammatory (M2). In this study, our goal was to compare
the number of macrophages in spleens and livers of young and old rats. Some preliminary
experiments were conducted on kidney tissue as well, though an analysis of splenic and hepatic
tissue macrophages was the primary focus of this thesis research. Because of the increase in
inflammation in old animals, I hypothesized that a greater number of macrophages would be
observed in tissue samples from older animals compared to those from young, and that in old
rats, the number of M1 macrophages would be elevated compared to M2 macrophages. I utilized
immunohistochemical techniques to detect inducible nitric oxide synthase (iNOS; an M1 marker)
and CD206, an M2 marker. In spleens, there was a trend towards increased iNOS+ macrophages
in old animals, although this did not reach statistical significance. The number of splenic
CD206+ macrophages was similar in samples from young and old rats. Old rat livers showed an
increase in iNOS+ macrophages compared to young. Like the spleen, the number of hepatic
CD206+ macrophages was similar between age groups. My data suggest that the overall increase
in hepatic macrophages, especially of the M1 phenotype, may contribute to the increased
inflammation with aging. Further studies are necessary to determine mechanisms causing an
increase in liver macrophages, as well as in other organ systems.
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Chapter 1
Introduction
The immune system protects the host organism from pathogens by using a vast array of
cell types and their secretory products. In conjunction with defending the host from exogenous
pathogens, the immune system protects against endogenous cells that have acquired oncogenic
mutations, oxidative damage, and/or viral infections. As an organism ages, the immune system
undergoes changes that can potentially cause adverse effects within the body.
A main contributor to age-related changes in the immune system is a systemic increase in
proinflammatory molecules. The increase in inflammation is believed to be propagated by
certain cell types of the immune system known as macrophages. While these cells are integral to
the normal functioning of the immune system, they can also exacerbate the levels of
inflammation if their activities and numbers are not properly regulated. It has been shown that
the aging process is accompanied by an increase in macrophage number in organs such as the
liver, and that this increase can have adverse effects within the immune system.
It has been established that macrophages exist within a spectrum of phenotypes ranging
from anti-inflammatory to proinflammatory types 1, 2. In young animals, a correct balance in the
phenotypes reduces inflammatory damage; however, it is believed that aging is associated with
an increase in the proinflammatory phenotype, which can have pathological outcomes for the
host organism. Inflammaging, the pathological increase in inflammation with aging, is a process
that can impair organ function in the elderly 3.
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The goal of this thesis research was to analyze potential changes in macrophage numbers
associated with aging in the spleen, liver and kidney. The second goal was to evaluate potential
age-related changes in proinflammatory (M1) and anti-inflammatory (M2) macrophages in these
organs.
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Chapter 2
Review of Literature

The immune system
The immune system is divided into two subsystems; acquired (or adaptive) immunity and
innate immunity. Acquired immunity is an antigen-specific line of defense utilizing
immunological memory of past exposures to defend the host from specific pathogens. One cell
type of the acquired branch is the helper T cell, or TH cell, which is activated after binding with
peptide fragments on the surface of antigen-presenting cells, or macrophages, via major
histocompatibility complexes (MHC) 4. Macrophages have a close relationship with the TH cell
line; however, they also operate within the innate branch. The innate branch is responsible for
the recognition of pathogens, clearance of debris and effete cells, and the destruction of
oncogenic cells. Each subset of the immune system has distinct responsibilities related to host
defense, yet they work as complimentary systems. Studies have shown that certain cytokines
(cellular protein signals used by immune cells) form a link between innate and acquired
immunity during certain immune responses 5, 6.

Immune cell lineages
Hematopoietic stem cells (HSC), which originate in the bone marrow, are the progenitors
to all of the blood cells, including the immune cells belonging to the white blood cell group 7.
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The HSC have the capacity to differentiate into lines of daughter cells that are more specialized
than their parent cell. Each HSC becomes a cell of either the myeloid or lymphoid lineage,
depending on signaling molecules such as colony stimulating factors (CSF), interleukins (IL), or
other stimulatory cytokines present in the microenvironment 8. The lymphoid lineage is
comprised of multiple cell types that play a role in acquired immunity. The TH cell line is part of
the lymphoid lineage, which influences the progression of the inflammatory response. The
myeloid lineage forms most of the formed elements of the blood along with two closely related
cell types; macrophages and dendritic cells, part of innate immunity.

Macrophage biology
The macrophage is derived from the myeloid lineage of HSC. Monocytes, the precursor
cells of macrophages, travel freely through the circulatory system and then reside in different
tissues in response to chemical cues in the form of cytokines released from stromal,
parenchymal, and endothelial cells. Once the monocytes have infiltrated their target tissues, they
differentiate into macrophages, which have multiple functions within a given organ. For
example, macrophages are the first line of defense against invading pathogens, and assist with
tissue regeneration following injury. The macrophage spectrum ranges from proinflammatory,
or M1, to anti-inflammatory, or M2, and several factors influence the phenotype of these cells.
Mackaness (1962) proposed the existence of different macrophage populations after he
saw changes in their function following infection with the bacteria Listeria 9. He noticed that the
host had developed increased sensitivity to the Listeria bacteria four days after intraperitoneal
inoculations that prevented subsequent infections. The observed changes were likely due to a
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phenotype shift to the proinflammatory M1 type, a type that inhibited further infection during the
early convalescent phases.
Since Mackaness’ initial findings in 1962, Mosmann et al. (1986) found that helper T
cells existed as two distinct phenotypes 10. They determined that two populations, designated
TH1 and TH2, were present after subjecting a panel of mouse TH cell clones to Concanavalin A
(Con A), a lectin, or antigen stimulation, and then analyzed the composition of the resulting
supernatant. In response to Con A, some TH cells produced IL-2, IL-3, and IFN-γ, cytokines
related to the propagation of the inflammatory response 10. In contrast, the TH cells stimulated
with the antigen complex secreted cytokines such as IgG and IgE (molecules that enhance the
allergic response), and growth factors related to inflammatory resolution and tissue regeneration.
Mosmann et al. (1986) then designated the TH cells with proinflammatory characteristics as TH1,
and TH cells with anti-inflammatory properties as TH2.
In light of the research by Mackaness and Mosmann, Mills et al. (2000) studied the
relationship between the TH1/TH2 concept and macrophage differentiation 2. They noticed that
macrophages from mice with TH1 T lymphocyte tendencies (strains more easily activated by
lipopolysaccharide, LPS, to produce nitric oxide, NO) metabolized arginine differently than mice
with TH2 T lymphocyte tendencies (strains more easily activated by LPS to produce IL-4). After
stimulating macrophages with LPS, an integral part of bacterial cell walls, TH1 macrophages
produced NO and citrulline, while TH2 macrophages produced ornithine. These findings led to
the understanding that under the same conditions, macrophages from TH1 or TH2 mice can be
induced to express different metabolic pathways, which result in distinct inflammatory
responses. Therefore, macrophages producing proinflammatory cytokines were termed M1 and
those producing anti-inflammatory cytokines were termed M2. This study also discovered that

6

TH cells and macrophages were found to work in concert with one another, orchestrating the
proper immune response based on conditions in the surrounding environment.
Differentiation to the M1 phenotype is strongly influenced by the TH1 cytokine
interferon-γ (IFN-γ) or LPS 11. Interaction with an exogenous organism like a bacteria or other
microbe triggers phagocytosis and intracellular digestion by the macrophage. Following
intracellular digestion, fragments of the exogenous organism are placed onto MHC and displayed
on the cell surface of the macrophage as antigens for recognition by TH cells. Each TH cell has
specific receptors for MHC and once bound to the antigen-presenting complex, increase the
production and secretion of proinflammatory cytokines such as IFN-γ. These cytokines act as
paracrines within the vicinity of the TH1 cell and stimulate the differentiation of macrophages to
the M1 phenotype. Then macrophages begin to secrete their own IFN-γ along with other
proinflammatory cytokines such as IL-1, IL-12, IL-6, and tumor necrosis factor (TNF)-α. Each
cytokine propagates events in the immune response until their activity is decreased following the
elimination of the pathogen. Studies have shown that secretion of these proinflammatory
cytokines from macrophages and TH1 cells is stimulated by the paracrine action of IFN-γ and
LPS 12, 13.
Some new proteins synthesized in the macrophages after stimulation by IFN-γ include
cell surface markers, cytokine receptors, and cellular enzymes, all of which contribute to the
proinflammatory phenotype. Additionally, there are specific intracellular non-protein molecules
that are synthesized in response to IFN-γ such as reactive oxygen and reactive nitrogen species.
An important enzyme is inducible nitric oxide synthase (iNOS), which produces reactive NO in
response to pathogenic threats 14. The iNOS enzyme utilizes L-arginine as its substrate to
produce NO and citrulline (L-arginine is an important substrate in the biosynthetic pathways of
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important molecules related to both M1 and M2 macrophages). Upregulation of the synthesis of
iNOS within the macrophage in response to bacterial LPS, IFN-γ, and other stimulatory
cytokines produces large amounts of NO, which can inhibit many cellular enzymes within
pathogens by interacting with protein-bound iron molecules. NO readily reacts with the
superoxide (O2-•) anion, which is abundant within the electron transport chain of the inner
mitochondrial membrane. O2-• and NO react to produce peroxynitrite (ONOO-) which can cause
detrimental oxidative damage, nitration, and S-nitrosylation of proteins, lipids, and potentially
irreversible DNA damage to pathogenic cells 15, 16. A study by Wink et al. (1991) illustrated
nitrosative deamination caused by NO-induced base pair substitutions in the DNA of the
pathogenic bacterium Salmonella typhimurium 16. By utilizing this mechanism of defense, large
amounts of NO produced by iNOS in M1 macrophages can hinder many aspects of pathogen
function and eliminate its threat to the host.
Upon successful mitigation of the pathogenic threat, the shift in macrophage phenotype
towards an anti-inflammatory phenotype occurs. Since a protracted inflammatory response can
damage cells of the host organism, this shift is important to minimize the damage inflicted by the
inflammatory process. As with the M1 subset, certain regulatory cytokines mediate the
differentiation towards the M2 phenotype. IL-4 and IL-13, cytokines secreted by myeloid cells,
including macrophages, and TH2 cells, decrease the phagocytic activity of resident macrophages
and attenuate the inflammatory response, causing a shift toward the M2 phenotype 1. This shift
results in macrophages increasing the synthesis and secretion of anti-inflammatory cytokines
such as transforming growth factor (TGF)-β, IL-10, and glucocorticoids, as well as upregulating
numbers of the mannose receptor (MR), CD206, into the cell membrane 17, 18. This phenotypic
shift changes the functionality of the macrophages to include roles in the resolution of the
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inflammatory response, such as tissue remodeling and angiogenesis. Studies have shown an
increase in the expression of M2-associated cytokines such as TGF-β, in response to the TH2
cytokine IL-4 19, 20.
M2 macrophages express a unique set of proteins such as Arginase-1 (Arg-1) and CD206
that enable these immune cells to perform the functions attributed to the M2 phenotype. Arg-1 is
integral to the metabolism of L-arginine that produces polyamines, compounds essential in the
production of collagen, fibrosis and other tissue remodeling activities. Arg-1 competes with
iNOS for the use of the substrate L-arginine. Therefore, some investigators suggest that this
competition for the same molecule influences the transition from the M1 phenotype to the M2
phenotype, because the activity of iNOS can be attenuated when Arg-1 utilizes L-arginine
instead 21.
Along with Arg-1, CD206 is also a protein unique to the M2 phenotype 22. This receptor
facilitates the endocytosis and phagocytic activities of the M2 macrophage via binding
extracellular mannose-containing carbohydrates located on the surface of various
microorganisms. Stein and colleagues (1992) determined the specificity of the CD206 receptor
to the M2 phenotype by analyzing the morphological effects of various stimulatory cytokines on
macrophage populations. After exposing macrophage populations to the M2 stimulatory
cytokine IL-4, they found an increase in the expression of CD206 23. Conversely, exposure to
the M1 stimulatory cytokine IFN-γ resulted in a decreased expression of CD206 23. These results
show the expression of CD206 to be exclusive to the M2 phenotype, which confers upon the
protein its fidelity as a marker of the anti-inflammatory phenotype.
The studies described above illustrate that distinct phenotypes of macrophages can be
identified by their unique intracellular or extracellular protein signatures. However, there are
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certain proteins constitutively expressed across the entire spectrum of cells that allows their
identification during histological analysis. One such protein, hemeoxygenase-1 (HO-1), is
inducible in most cell types, but more importantly, has been shown to be constitutively expressed
in macrophages in the liver and spleen 24, 25, 26, 27. Degradation of free heme into carbon
monoxide (CO), biliverdin, and a chelated ferrous iron molecule (Fe2+) is a function of hepatic
and splenic macrophages, and is catalyzed by the HO-1 enzyme 28. Consequently, this enzyme
served as an important marker of tissue macrophages and was therefore chosen to determine
specific macrophage phenotypes in the present thesis research.

Renal macrophages
Macrophages in kidney tissue reside within the renal cortex 29, surrounding the
glomerulus 30, 31, the outer medulla 29, and possibly around the loops of Henle and collecting
ducts. Macrophages have been shown to aggregate in the outer medulla following an ischemic
injury 32, which leads to an increased need for tissue rehabilitation. Macrophages residing near
the glomerulus have been linked to an increase in proinflammatory cytokines that induce chronic
glomerulonephritis 33. Lee et al. (2011) analyzed cellular differentiation of renal macrophages
following a tubular injury 32. Their findings illustrated functional changes in the macrophage
populations while progressing through the repair phases following an ischemia/reperfusion (I/R)
injury. By analyzing the expression of iNOS and Arg-1 throughout the injury and repair
processes, macrophage phenotypic shifts were observed. In the early days following the I/R
injury, macrophage expression of iNOS was significantly higher than Arg-1. As time
progressed, the expression of iNOS decreased while Arg-1 expression increased and peaked on
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the seventh day. The macrophages located in the proximity of the I/R injury were initially
proinflammatory in nature, but as repair activities progressed, the macrophage phenotype shifted
to that of the anti-inflammatory subset. These data further support the role of enzymes, iNOS
and Arg-1, in host immunity and tissue homeostasis. Additionally, Chavele et al. (2010) showed
increased expression of the CD206 mannose receptor during anti-inflammatory activities in renal
macrophages 34. The presence of CD206 on renal macrophages further supports its use as a
valuable marker of the M2 phenotype during fluorescence experiments.

Splenic macrophages
The spleen is organized into two structurally and functionally different compartments: the
white pulp and red pulp, which are separated by an area known as the marginal zone. The white
pulp is a lymphoid tissue that surrounds the vast network of arterioles that branch from the
splenic artery. Macrophages within the red pulp are primarily involved in erythrocyte
homeostasis, particularly in the degradation of aged and damaged red blood cells 35.
Macrophage populations have been shown to exist in both pulp compartments, however most
phagocytic macrophages are located in the marginal zone 35, 36, 37. The marginal zone houses a
complex network of sinusoids derived from the splenic artery entering the spleen. Blood flow
through the sinusoids is continuously screened by cells of the immune system, particularly
macrophages, that assess for any pathogenic threats to the host organism35. It has been shown
that macrophages within the spleen produce both iNOS 13, 36, 38 and CD206 39.
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Hepatic macrophages
Among the various cell types that are found in the liver, macrophages exist in many
functionally different forms 40. Hepatic macrophages, also known as Kupffer cells, are resident
immune cells derived from HSC in the bone marrow and then blood-borne monocytes that have
infiltrated liver tissue. These resident macrophages are characterized by their phagocytic
clearance capabilities that eliminate waste and pathogens, as well as chemically modify
lipoproteins from the blood 41.
The liver is a structurally heterogeneous organ composed of various cell types related to
its function as a complex barrier/filtration system between multiple organ systems: the digestive
tract, the cardiovascular systems and the body cells. Kupffer cells reside in conjunction with
parenchymal cells (hepatocytes) along sinusoids of the periportal region (also known as Zone 1).
The periportal region is an area surrounding a portal tract, composed of the hepatic artery, portal
vein, and bile duct. As blood flows into the sinusoids (Zone 2) from the portal region, it
eventually reaches the central vein located in the centrilobular region (Zone 3). Compared to
Kupffer cells in the centrilobular region, Kupffer cells in the periportal region are twice as
numerous, possess greater phagocytic capabilities, and contain greater numbers of lysosomal
enzymes 42, 43, 44. In both rat and human Kupffer cells, studies have shown the presence of the
enzyme iNOS and the mannose receptor CD206 45, 46. Though evidence for CD206 in
macrophages from rat liver is still sparse, Ohnishi and colleagues (2012) saw an increase in
CD206 expression in a rat model of hepatitis, confirming its ability to be used as a marker of
macrophages in the liver 47.
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Macrophages and aging
The aging process in most organisms is associated with a deterioration of physiological
functions that ultimately leads to death. Among the various organ systems in the body, the
immune system is especially susceptible to the effects of aging. Studies have shown a change in
the behavior of HSC which skew their differentiation towards the myeloid lineage, rather than to
the lymphoid lineage 48. This shift in stem cell differentiation has been traced to a change in the
transcriptional regulation leading to a preferential upregulation of processes involved in the
development of myeloid cells 48. Concomitant with the proliferation of the myeloid lineage,
progressive deterioration of the lymphoid cell lineage leads to a diminished population of B-cells
and T-cells that ultimately affects the quality and responsiveness of the acquired immune
response. Decreases in the effectiveness of vaccinations 49 and attenuated responses against viral
infections 50 are a few deleterious results of reduced lymphoid cell numbers. Paradoxical to the
reduction in lymphoid cells, studies have shown an increase in the numbers of myeloid-derived
immune cells in spleen and liver with aging, as well as in renal cell carcinomas 27, 51, 52, which
suggests a mechanism for the common observation of increased concentrations of
proinflammatory cytokines, particularly IL-6, in the plasma 3, 53. Additionally, experiments
utilizing human samples have shown an increase in myeloid cell numbers, specifically
macrophages, in the aged liver 54.
Age-related changes in the macrophage population affect the outcome of immune
challenges throughout the body. Different aspects of functionality within both phenotypes of
macrophages are altered as an organism ages. Mahbub et al. (2012) examined the ability of aged
splenic macrophages to elicit the correct immune response depending on the stimulus. They
found that when stimulated with the M1-inducing agents IFN-γ and LPS, macrophages from
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young animals expressed more iNOS mRNA than macrophages from old animals 12. Similarly,
when stimulated with M2-inducing IL-4, macrophages from young animals produced more Arg1 mRNA than macrophages from old animals 12. Although there were changes in mRNA
expression in their study, the protein products were not evaluated. Since protein presence and
levels better reflect cellular phenotype, it is possible that there were changes in macrophage
phenotype that were missed by solely evaluating mRNA expression. However, this study does
support the notion that changes within the immune system of aged individuals impacts
inflammatory processes.
Although Mahbub et al. (2012) showed a decrease in macrophage mRNA response in the
old individuals compared to the young, a study by Kohut et al. (2004) refutes these data. Rather
than quantifying mRNA expression, they quantified the amount of M1 proinflammatory
cytokines NO, TNF-α, IL-1, and IL-12 produced by splenic, alveolar, and peritoneal macrophage
populations in response to IFN-γ + LPS stimulation. Their data showed a significant increase in
splenic and alveolar M1 cytokine production in the old versus the young 13. Conversely, other
studies have shown a blunted response to the M1-inducing IFN-γ in macrophages from aged rats
and mice compared to their younger counterparts 55, 56. While contradictory, the variations in
data may be attributed to the differences in experimental methods between these three studies, as
well as possible differences between animal species and/or strains.
Much of the current literature regarding protein expression by macrophages of different
phenotypes has focused on isolated, cultured cells from various organs. Because the macrophage
lineage is highly sensitive to a variety of stimuli, the cytokine profiles of these cells may vary if
they are stimulated in vitro or in vivo. For example, Chiang et al. (2007) demonstrated
differences in the proinflammatory cytokine TNF-α, IL-1 and IL-6 gene expression in peritoneal
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and alveolar macrophages following either in vivo or in vitro stimulation with LPS, INF-γ, or
irradiation 57. They concluded that the difference in the expression pattern of cells treated during
in vivo and in vitro techniques was caused by enhanced activation during cellular adhesion to the
petri dishes in the in vitro samples 57. Previous studies have also showed similar alterations in
gene expression following the cell adhesion of human monocytes and macrophages during in
vitro procedures 58. For this reason, using in vivo methodologies to identify macrophage
phenotype will bypass potential experimental challenges caused by cell isolation procedures.
The research evaluating the effects of aging on macrophages in vivo is more limited.
Reckelhoff et al. (1999) analyzed iNOS protein expression in whole tissue kidney lysates and
found that iNOS was elevated in old animals 59. However, this study did not specifically
evaluate macrophages in the kidney 59. Two studies by separate laboratories demonstrated an
increase in Kupffer cells in livers from aged rats 27, 52; however, their phenotypes were not
evaluated. Birjandi and colleagues (2011) observed a significant decrease in the number of
splenic macrophages located in the marginal zones of old mice compared to their younger
counterparts 60. Similar to the other studies, this study did not differentiate between macrophage
phenotypes during quantification 60.
The first objective of this thesis was to investigate whether there are greater numbers of
macrophages in the liver, spleen, and kidney of old rats compared to young ones. The second
objective of this research was to determine the phenotype (M1 or M2) of macrophages within
these organs. While many studies have analyzed macrophages through isolation techniques,
fewer have assessed the phenotype of macrophages in vivo. I was interested in filling in the gaps
of knowledge about age-related macrophage activity and phenotype by using histological
techniques on in vivo tissue samples. The use of in vivo samples gave me a more accurate
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representation of the macrophage populations in young and old animals without disturbing the
native environment. I hypothesized that there would be an increase in macrophage number in
spleen, liver, and kidney samples from old individuals compared to young. A second working
hypothesis of this study was that aging alters the balance of macrophages in these three organs,
by increasing M1 macrophages and decreasing in M2 macrophages.
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Chapter 3
Materials and Methods
Spleen, kidney and liver samples from young (6 month) and old (24 month) healthy
Fischer 344 rats were utilized during each experiment. All tissue samples were harvested during
previous experiments at the University of Iowa under appropriate IACUC protocols. After each
organ was harvested, samples were fixed using neutral buffered formalin, dehydrated through a
series of increasing ethanol solutions and xylenes, and then embedded in paraffin blocks.

Immunohistochemistry preparation for colorimetric staining
Utilizing a microtome, 7 µm slices were sectioned from each organ sample and placed
onto polarized glass slides. The samples were deparaffinized in xylenes and rehydrated through
a series of graded ethanol solutions followed by thorough rinsing with water. Samples were
placed in coplin jars containing citrate buffer (1.8 mM citric acid monohydrate and 8.2 mM
trisodium citrate dihydrate at pH 6.0). Each coplin jar was placed into a 10-quart pressure
cooker containing one liter of water, which was enough volume to fill the cooker approximately
1/10 of the way to the top. The level of water in the cooker was far below the tops of the coplin
jars. The cooker was placed on a heating block and heated until it reached maximal pressure
(≈20 min). The cooker was kept on the heating block for one additional minute, and was then
placed on the counter to cool. Slides were removed from the pressure cooker and allowed to
cool prior to rinsing with tap water. Endogenous peroxidase activity was quenched via

17

incubation in 3% hydrogen peroxide in methanol for 30 minutes. Samples were then washed
three times with a phosphate buffered saline (PBS) solution, and then incubated in blocking
buffer (10% horse serum, 1% bovine serum albumin (BSA), and 0.1% tween in PBS) at room
temperature for 30 minutes to prevent nonspecific protein binding. Dilutions of primary
antibody (1° Ab) were prepared in blocking buffer. Slides of each organ were prepared with two
slices of tissue: one for the negative control, and one for the 1° Ab. After blocking,
approximately 100 µl of blocking solution (negative control) was added to the first slice, and 100
µl of solution containing 1° Ab was added to the second slice. Samples were incubated
overnight in a 4°C humidified chamber.
After incubation in 1° Ab, samples were washed three times with PBS followed by a
second incubation in blocking buffer for 30 minutes at room temperature. Each slice on the slide
was incubated with its respective biotinylated secondary antibody (2° Ab) in blocking buffer at
room temperature for 45 minutes. Samples were then washed three times with PBS, and then
incubated with an avidin complex reagent (Vectastain ABC kit) for 30 minutes. After incubation
in ABC, slides were washed three more times with PBS, and diaminobenzidine (DAB) was used
to develop a signal within each tissue sample. Each sample was exposed long enough to develop
a visual contrast compared to the negative control. The first slide per batch to be treated with
DAB set the time standard for the entire batch to avoid intra-batch variability. After incubation
in DAB, a nuclear counterstain (either nuclear red or hematoxylin followed by 3 minutes in 0.1%
NaHCO3 bluing solution) was used to add contrast between positive staining and nuclei.
Samples were washed thoroughly with tap water followed by re-dehydration through graded
ethanol solutions and clearing in xylenes. Cover slips were adhered to the slides using Permount
and then dried under a fume hood. Table 3-1 provides details of each antibody concentration
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according to tissue type. Preliminary experiments were conducted to detect Arg-1 and TNFα;
however, future experiments are needed to determine the best antibodies for this type of study as
the ones used had limited efficacy.

Colorimetric staining in kidney
Using the colorimetric technique, CD206 and HO-1 were detected in kidney tissue and
are illustrated in Figures 3-1 and 3-2 respectively. Due to infrequent and inconsistent staining
patterns in renal tissue, reliable quantification of macrophage phenotypes could not be
performed. Therefore, the majority of the experiments focused on the analysis of splenic and
hepatic tissues.

Double immunofluorescence experiments
To effectively characterize macrophage phenotype, it was necessary to label cells
simultaneously with a marker that stains all macrophages (a “pan” marker), and a second marker
to identify either M1 or M2 phenotypes. HO-1 was chosen as the pan-macrophage marker since
it has been shown that Kupffer cells are the only hepatic cell type that expresses HO-1 25, 26, 27.
To identify M1 macrophages, iNOS was used, and to identify M2 macrophages, CD206 was
used. Two sets of stains were performed: a set for iNOS and HO-1, and another set for CD206
and HO-1. Only liver samples were analyzed using this double immunofluorescence technique
because in the spleen, HO-1 appeared to label multiple types of splenocytes besides
macrophages. Liver samples were processed and treated in the same manner as described during
colorimetric staining; however, following antigen retrieval, the peroxide blocking step was
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omitted and samples were washed with PBS and placed in blocking buffer for 30 minutes at
room temperature. Both 1° Abs were combined in blocking buffer and samples were incubated
at 4°C overnight in a humidified container. The first slice on each slide was the designated
negative control that received blocking buffer only. Samples were washed with PBS and placed
in blocking buffer once more for 30 minutes at room temperature. From this point forward, all
methods were performed under low light to preserve fluorescence. Each sample received a
solution of the proper 2° Ab in blocking buffer for 45 minutes at room temperature. Solutions
were then washed with PBS and each sample was exposed to a solution of 1:50 fluorophoreconjugated streptavidin (FCSA) (Dylight 488) and DAPI (at a 1:10,000 dilution) in PBS for 30
minutes. Cover slips were applied using Fluoromount (Sigma). Table 3-2 provides details of
each immunofluorescent antibody concentration according to tissue type.

Image analysis and cell counting
Blinding of the samples was achieved by obscuring the identity label of each animal with
masking tape, and then randomly numbering each slide prior to microscopy. Several
microscopic fields (5-8) were taken for each animal, and the number of positive cells per field
was counted. After the cells were counted, the tape was removed, and the results from each
animal were placed into their respective group.
Colorimetric analysis of CD206 and HO-1 in kidney tissue was completed by taking
200x photographs of the medullary tissue surrounding the glomerular apparatus. Colorimetric
analysis of CD206 in splenic tissue was completed by taking 8 photographs of areas of red pulp
and adjacent marginal zone in each animal at a 200x magnification. Positively stained splenic

20

macrophages within the red pulp and marginal zone were quantified and the data were recorded.
Due to a low frequency of positively stained cells for iNOS in both young and old splenic tissue,
rather than count the number of cells in multiple fields, the area of each tissue slice on the
microscope slide was measured, and the total number of positive cells in each tissue slice per
mm2 was determined. To do this, a ruler was placed next to each sample being measured and a
photograph was taken. Using these images, the overall area of each slice was computed using
ImageJ software. This was done by setting the measurement scale equal to the distance between
the markings on the ruler equaling 1 mm. The tissue sample was then outlined using the
program’s outline tool and the area was automatically computed by the software.
Colorimetric and immunofluorescent analysis of liver tissue was completed by taking 8
photographs of tissue surrounding periportal regions in each animal at a 400x magnification.
The positively stained Kupffer cells within each field were quantified and the data were
recorded. Following the quantification of each image, the identification of each sample was
revealed and statistical analysis was performed.
To identify double-stained macrophages in the liver using immunofluorescence, random
portal tracts were chosen and a photograph was taken using the green channel, which illuminated
HO-1 staining. Immediately after, a photograph was taken of the same field using the red
channel, which illuminated CD206+ or iNOS+ depending on the 1° Ab used. Both images were
imported into the ImageJ program and overlapped to produce composite images of positively
stained cells. Using the color threshold tool, the background of each image was removed,
leaving only the positively stained cells. Each set of images was converted to an 8-bit black and
white image and combined by merging channels. The image was then converted back to an
RGB color micrograph displaying the original positive staining of both antibodies in one image.
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Each image was analyzed and only the cells doubly positive for both markers (i.e. iNOS + HO1
or CD206 + HO1) were quantified. Positive staining for HO-1 was used to determine cells of the
macrophage lineage. Following the quantification, the identification of each sample was
revealed and statistical analysis was performed.

Statistical analysis
Each set of data was analyzed using a T-test with unequal variances. A p-value of less
than 0.05 was deemed statistically significant. The data are displayed as the mean number of
positive cells + the standard error of the mean (SEM).
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Figure 3-1: Panel A and Panel B show 200x micrographs of CD206+ macrophages in kidney
tissue from young and old rats, respectively. Positively stained cells, in the vicinity of glomeruli
(GL), are indicated by the arrows.

23

Figure 3-2: Panel A and Panel B show 200x micrographs of HO-1+ macrophages in kidney
tissue from young and old rats, respectively. Positively stained cells, in the vicinity of glomeruli
(GL), are indicated by the arrows.
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Organ

1°

[1°]

Liver

CD206

1:250

Liver

iNOS

1:10

Spleen

CD206

1:200

Spleen

iNOS

1:10

Kidney

CD206

1:200

Kidney

HO-1

1:200

2°
Horse anti
rabbit
Horse anti
rabbit
Horse anti
rabbit
Horse anti
rabbit
Horse anti
rabbit
Horse anti
mouse

[2°]

ABC

1:250

Yes

DAB exposure
time
45 sec

Counterstain

1:200

Yes

1.5 minutes

1 minute hematoxylin / 3
minute bluing solution
None

1:200

Yes

3 minutes

1 minute nuclear red

1:200

Yes

2 minutes

None

1:200

Yes

1 minute

2 minutes nuclear red

1:200

Yes

10 minutes

2 minutes nuclear red

Table 3-1: Antibody concentrations used for colorimetric histological staining.
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Organ

1°

[1°]

2°

[2°]

Liver

HO-1

1:200

Horse anti mouse - biotin

1:200

Liver

CD206

1:200

Goat anti rabbit cy3

Liver

iNOS

1:10

Spleen

HO-1

Spleen
Spleen

[FCSA]

[DAPI]
1:10000

1:100

Dylight 488, 1:50
dilution in PBS
None

Goat anti rabbit cy3

1:100

None

1:10000

1:200

Horse anti mouse - biotin

1:200

1:10000

CD206

1:250

Goat anti rabbit cy3

1:100

Dylight 488, 1:50
dilution in PBS
None

iNOS

1:10

Goat anti rabbit cy3

1:100

None

1:10000

1:10000

1:10000

Table 3-2: Antibody concentrations used for immunofluorescent histological staining.
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Chapter 4
Results

Colorimetric staining in the spleen
Colorimetric staining for CD206 and iNOS in spleen samples was identified in punctate
cells within the marginal zone and in cells of the red pulp. Although most of the staining for
both proteins occurred within these two areas, there were a few positively stained cells within the
white pulp as well. Due to greatly larger numbers of stained macrophages in the marginal zone
and red pulp, only quantification of macrophages within these two areas was performed (i.e. the
white pulp was excluded from analysis). Spleen samples from young rats contained an average
of 32.96 ±3.44 CD206+ macrophages compared to 31.27 ±2.67 CD206+ macrophages from the
old, though this result was not statistically significant (p=0.35; Figure 4-1).
The prevalence of iNOS staining in both young and old spleen samples was more scarce
than expected. Samples ranged from being absent of stained cells to containing upwards of two
dozen positively stained cells in the tissue sample. For this reason, the total number of iNOS+
macrophages found in the red pulp, marginal zone, and white pulp in each sample was divided
by the total area of the tissue slice. In samples from young rats, an average of 0.042 ±0.030
iNOS+ macrophages were present per mm2 of splenic tissue. In samples from old rats, I
observed 0.094 ±0.042 macrophages per mm2 of splenic tissue. While this was more than a twofold difference, due to the high variability in cell counts, this difference was not statistical
significant (p=0.17; Figure 4-2).
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Colorimetric staining in the liver
Colorimetric staining for CD206 and iNOS in liver samples was prominent in both
tissues from young and old rats. Positive staining was identified in punctate cells located around
the portal tracts. The average numbers of CD206+ macrophages in both young and old animals
were not significantly different. Tissue samples from young individuals contained an average of
10.62 ±0.92 cells per field while tissues from old rats contained 10.18 ±1.82 cells per field
(p=0.23; Figure 4-3). However, the average number of iNOS+ macrophages was significantly
different between the two age groups. Young samples contained an average of 17.81 ±1.17
iNOS+ macrophages compared to 26.72 ±1.82 in the old. This comparison reached significance
with a p-value of 0.0007 (Figure 4-4).

Immunofluorescent staining in the liver
To better classify macrophage phenotypes in the liver, immunofluorescent doublelabeling experiments for a pan macrophage marker (HO-1) and either a M1 (iNOS) or a M2
(CD206) marker was performed. Previous studies in quiescent liver showed that HO-1 is
expressed only by Kupffer cells but not hepatocytes, endothelial cells, or stellate cells 41, 52.
Double-labeling was not performed on splenic tissues because of the diffuse staining pattern of
HO-1, hindering the ability to identify macrophages in the samples. A cell possessing staining
for the HO-1 protein along with a phenotypic marker (either CD206 or iNOS) ensured
quantification of specific macrophage phenotypes within the tissue samples. In the young, the
average number of CD206+/HO-1+ macrophages per field was 4.20 ±1.39 compared to 4.95
±0.89 in the old (p=0.33; figure 4-5). Meanwhile, the average number of iNOS+/HO-1+
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macrophages per field was 19.12 ±2.79 in the young compared to 25.60 ±2.53 in the old. The
number of iNOS+/HO-1+ macrophages in the old was significantly higher than the young (p=
0.014; Figure 4-6).
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Figure 4-1: Panel A and Panel B show representative 200x micrographs of CD206+
macrophages in young and old spleens, respectively. Positive staining is localized to the
marginal zone (MZ) and red pulp (RP), and absent within the white pulp (WP). Positively
stained cells are indicated by the arrows. Panel C represents the average number of CD206+
cells per 200x microscopic field in splenic tissue from young and old rats. The data are
presented as the mean + SEM, n=6 young and 6 old animals.
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Figure 4-2: Panel A and Panel B show representative 400x micrographs of iNOS+ macrophages
in young and old spleens, respectively. Positively stained cells are indicated by the arrows.
Panel C represents the average number of iNOS+ cells per mm2 of splenic tissue from young and
old rats. The data are presented as the mean + SEM, n=6 young and 6 old animals.
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Figure 4-3: Panel A and Panel B show representative 400x micrographs of CD206+
macrophages in the vicinity of a portal tract (PT) in liver tissue from young and old rats,
respectively. Positive staining is indicated by the arrows. Panel C represents the average
number of CD206+ cells per 400x microscopic field in liver tissue from young and old rats. The
data are presented as the mean + SEM, n=8 young and 8 old animals.
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Figure 4-4: Panel A and Panel B show representative 400x micrographs of iNOS+ macrophages
in the vicinity of a portal tract (PT) in liver tissue from young and old rats, respectively. Positive
staining is indicated by the arrows. Panel C represents the average number of iNOS+ cells per
400x microscopic field in liver tissue from young and old rats. The data are presented as the
mean + SEM, n=8 young and 8 old animals. *P<0.05 vs. young iNOS+ cell counts.

33

Figure 4-5: Panel A and Panel B are representative 400x immunofluorescent micrographs
showing HO-1+ (green) and CD206+ (red) staining in liver tissue from young and old rats,
respectively. Doubly positive cells are indicated by the arrows. Panel C shows the average
number of CD206+/ HO-1+ cells per 400x microscopic field in young and old liver tissue. The
data are presented as the mean + SEM, n=8 young and 8 old animals.
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Figure 4-6: Panel A and Panel B are representative 400x immunofluorescent micrographs
showing HO-1+ (green) and iNOS+ (red) staining in liver tissue from young and old rats,
respectively. Doubly positive cells are indicated by the arrows. Panel C shows the average
number of iNOS+/ HO-1+ cells per 400x microscopic field in young and old liver tissue. The
data are represented as the mean + SEM, n=8 young and 8 old. *P<0.05 vs. young iNOS+/ HO-1+
cell counts.
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Chapter 5
Discussion
In this series of experiments, I demonstrated similar numbers of M2 macrophages
(CD206+ cells) between the liver and spleen of young and old rats. Moreover, there was a trend
for more M1 macrophages (iNOS+ cells) in the spleens of old rats, and a significant age-related
increase in M1 macrophages in the liver. While studies have investigated the phenotype of
splenic cells with aging, this is the first time, to my knowledge, that liver macrophage phenotype
has been assessed with aging. The histological methods used in this study allowed for the
analysis of differences in macrophage populations between the tissues of young and old animals
that were preserved immediately after harvesting – thus under in vivo conditions. Characterizing
macrophages in this way avoided the use of cell isolation techniques that can activate immediate
early stress-response genes 61, and therefore change phenotype.
Certain proteins exist in more than one cell type. For example, I observed that
hepatocytes, endothelial cells, and macrophages were positive for CD206. To ensure that our
staining was specific to macrophages, we performed double immunofluorescent staining utilizing
HO-1 (which has been shown in previous studies to mark all macrophages in liver samples 25, 26)
in conjunction with phenotypic markers of either iNOS or CD206. Only cells that were doublepositive for HO-1 and their respective phenotypic marker were counted.
The results in this thesis build on the work of previous studies and support my hypothesis
that hepatic macrophage numbers increase with aging 27, 52. The findings in this thesis also
demonstrate that these macrophages are predominately of the M1, or pro-inflammatory
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phenotype. These results support the notion that the increased numbers of macrophages may
contribute to the higher concentrations of pro-inflammatory cytokines observed in old
individuals 62, 63. The increase in M1 macrophages that I found in the liver is consistent with the
findings of other investigators using the rat model. For example, Patruno et al. (2007) showed
increased levels of iNOS mRNA along with increased levels of iNOS protein in aged rat liver
compared to young 64. Their study was the first to perform a comparative analysis on iNOS
protein and mRNA expression in liver samples from young and old rats. However, they did not
identify iNOS-expressing cells as macrophages, nor did they quantify cell number. The iNOS
data in the current study corroborate the findings of Patruno et al. (2007), however I analyzed
iNOS in splenic tissue as well, where I saw similar trends in iNOS as in my liver samples. By
studying both liver and spleen tissues, it broadened our understanding of the phenotypic changes
to macrophages in response to aging that may occur in multiple organ systems.
A consequence of elevated M1 macrophage numbers is increased levels of tissue and
serum proinflammatory cytokines, such as Il-6, IL-1β, IFN-γ, and TNF-α, which can lead to a
protracted inflammatory response. TNF-α is a powerful cytokine that can activate the
proinflammatory cytokine cascade in macrophages. Bruunstgaard and colleagues (2000)
detected increased TNF-α concentrations in plasma samples from elderly humans compared to
those from young individuals 65. In support of this finding, unpublished studies from the
Bloomer laboratory have shown increased plasma TNF-α and liver TNF-α mRNA in old rats
compared to their young counterparts. A recent study by Yarilina et al. (2008) showed that
TNF-α activates a “feed forward” loop consisting of several transcription factors and a prolonged
expression of inflammatory genes, which underlies macrophage-associated inflammation 66.
These findings, in addition to our unpublished TNF-α data, suggests that chronic inflammation
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seen in the elderly may be mediated in part by this synergy between macrophages and TNF-α.
To clarify the role of TNF-α in chronic inflammation, future research might study macrophage
population changes in an animal model lacking tumor necrosis factor receptor-1 (TNFR1); this
would simulate a cellular environment devoid of TNF-α.
My results allow us to gain a better understanding of the changes that occur in the
macrophage populations during the aging process. Not only are there more macrophages in the
liver of old individuals, but these macrophages are of the M1 phenotype. Moreover, it is likely
that they are contributing to the process of inflammaging. The mechanism for the increase in
macrophage numbers with aging is still unknown; however, different experimental avenues may
be taken to elucidate this question. First, the proliferative capabilities of resident macrophages or
the infiltration rate of circulating monocytes into target tissues might be investigated. A
preliminary study in our laboratory has analyzed the changes in monocyte chemoattractant
protein-1 (MCP-1) from liver samples of young and old rats. This protein mediates the
movement of monocytes from the circulation into target tissues, which is then followed by
differentiation into macrophages 67. There was a trend towards decreased amounts of MCP-1 in
old liver lysates, which suggests that this protein is not responsible for the increased macrophage
numbers seen in old liver tissue. However, future studies may analyze other cytokines that act as
attractants to gain a better understanding of this concept of tissue infiltration. A second avenue
to explore is whether greater macrophage numbers in aged liver is a result of increased cell
replication. This might be done by staining for the Ki-67 protein and/or proliferating cell nuclear
antigen (PCNA), which are key proteins involved in cellular proliferation 68, 69. Double-staining
for a proliferation marker in addition to one unique to macrophages (such as HO-1) might
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determine if proliferation is the cause of increases in hepatic macrophages during the aging
process.
Results from this thesis might inform future therapeutic regimens to treat chronic lowlevel inflammation caused by the increase in macrophages with aging. As an example,
Reckelhoff et al. (1999) showed an increase in kidney iNOS expression in aged rats with
glomerular sclerosis, inflammation, and decreased renal function 59. In this study, old rats that
were treated for nine months with aminoguanidine, an inhibitor of iNOS function, excreted lesser
volumes of NO metabolites. This therapeutic regimen also resulted in an increase in glomerular
filtration rate and renal plasma flow and more importantly, it considerably reduced glomerular
sclerosis 59. Whether this same treatment would be beneficial to humans requires more research,
but it is a start to alleviating inflammation caused by increased proinflammatory macrophages in
elderly individuals. The increase in proinflammatory macrophages found in old livers probably
contributes to inflammaging by increasing the production of NO and other proinflammatory
cytokines. Thus, taken together, my results and the results of Reckelhoff et al (1999) 59 suggest
that targeting iNOS via aminoguanidine could be useful in preventing systemic inflammation.
In conclusion, the findings from my thesis research have important biomedical
implications and relevancy, especially as humans live longer. My results suggest that effective
treatments for individuals affected with chronic inflammation may be to develop therapeutic
regimens that reduce the number of macrophages, especially of the M1 phenotype. In future
studies, it will be important to perform more thorough in vivo analyses on multiple organs using
a panel of M1 and M2 markers. Additionally, it will be useful to investigate therapeutic
strategies that affect macrophage phenotype.
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