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Abstract
Macrophages are central regulators of disease progression in both atherosclerosis and myocardial
infarction. In atherosclerosis, macrophages are the dominant leukocyte population that influences
lesional development. In myocardial infarction, which is caused by atherosclerosis, macrophages
accumulate readily and play important roles in inflammation and healing. Molecular imaging has
grown considerably as a field and can reveal biological process at the molecular, cellular, and
tissue levels. Here we explore how various imaging modalities, from intravital microscopy in mice
to organ-level imaging in patients, are contributing to our understanding of macrophages and their
progenitors in cardiovascular disease.

INTRODUCTION
Macrophages are large myeloid cells that inhabit nearly all tissues and play vital roles in
homeostasis and immunity. Over the last several years, our understanding of macrophage
biology has grown substantially, thanks in large part to two related lines of investigation.
First, we have begun to understand macrophage ontogeny at both the cellular and molecular
levels. For many years it was believed that circulating monocytes give rise to macrophages.1

Yet, it has also been appreciated that macrophages can self renew in tissue, apparently
without relying on monocytes.2 Recent studies, using sophisticated tools, have provided
additional evidence for a disconnet between macrophages and monocytes.3,4 We now
understand that some macrophages do derive from a hematopoietic stem cell lineage that
involves specific progenitor intermediates and monocytes5, whereas other macrophages
derive from primitive macrophages that have colonized tissue prior to definitive
hematopoiesis.6 The second major and related line of investigation concerns macrophage
functional heterogeneity. Macrophages have long been understood as highly “plastic” cells,
capable of adapting to their environment. The observations that macrophages can polarize to
various functional states7,8 as well as the identification of monocyte subsets9 has fostered
the idea that macrophages are fated for specific functions, suggesting that harmful subsets
can be therapeutically targeted while those that are beneficial can be spared. The recent
profiling of various macrophage populations has revealed striking differences between
macrophages of different tissues10. Investigators will need to be cautious about generalizing
observations obtained with one type of macrophage (for example, peritoneal) to other types
of macrophages (for example, microglial).

Macrophages are arguably the most important cells in atherosclerosis, a chronic
inflammatory disease of leukocyte and lipid accumulation in the vessel wall that can cause
myocardial infarction and stroke. Atherosclerotic lesions grow when circulating monocytes
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adhere to the activated endothelium at sites of lesion predilection, transmigrate, ingest
oxidized lipoproteins, and differentiate to macrophages.11 Advances in macrophage biology
have contributed to our understanding of atherosclerosis. Under conditions of
hypercholesterolemia, specific populations of monocyte subsets accumulate in lesions
preferentially.12,13 The large pool of circulating monocytes capable of lesional accumulation
depends on hematopoietic stem cell proliferation14,15, extramedullary hematopoiesis16, and
enhanced mobilization from the bone marrow.17 In lesions, macrophages perform vital
functions that influence the course of disease (Figure 1). Macrophages release inflammatory
cytokines and proteases that disrupt the extracellular matrix and prolong inflammation,
accumulate lipids and dying cells, participate in efferocytosis, undergo autophagy, and,
either as living foam cells or as cellular remnants of a tissue factor-rich lipid core, contribute
significantly to lesion size and stability.18

Lesions that rupture in coronary arteries cause myocardial infarction. This ischemic event
kills cardiomyocytes and triggers the influx of myeloid cells. Monocytes accumulating in the
infarcted myocardium arrive from the bone marrow and spleen19 in two sequential phases:
Ly-6Chigh monocytes arrive first in response to MCP-1, whereas Ly-6Clow monocytes arrive
second in response to fractalkine.20 It is the coordinated action of both phases that leads to
optimum healing. An imbalance in the phases that skews toward inflammation delays
healing and causes heart failure.21 Myocardial infarction is an acute injury that mobilizes the
bone marrow and the splenic reservoir for monocyte production, thus increasing
atherosclerosis22, and fuelling an inflammatory cycle.

Molecular imaging encompasses many different modalities in which specific aspects of
macrophage behavior at molecular, cellular, tissue and organ levels can be visualized.23 The
main modalities currently employed in preclinical and clinical macrophage imaging include
optical imaging, magnetic resonance imaging, and nuclear imaging (positron emission
tomography and SPECT). Each of these modalities has distinct advantages and operates on a
scale defined by its spatial resolution (Table 1). Imaging of macrophages has been employed
to pursue two major goals: a) preclinical imaging to observe macrophage lineage biology
and behavior in the undisturbed microenvironment, and b) clinical imaging to detect
macrophage presence and function in inflamed tissue. The latter identifies patients at risk for
complications and disease acceleration, and could therefore enable preventive measures.
Ultimately, detecting disease early may spare patients myocardial infarction, heart failure
and stroke.24 In this review, we will focus on imaging approaches that elucidate the
development of macrophages, their dynamic paths to the site of inflammation, and their
function and fate in the context of atherosclerosis and myocardial infarction.

IMAGING THE CRADLE
Many macrophage populations, especially in inflammatory plaque or in acute ischemic
myocardial tissue, derive from monocytes. In the steady state, monocytes arise from
hematopoietic stem and progenitor cells in the bone marrow, a protected site that harbors the
hematopoietic stem cell niche. The purpose of this niche is to protect HSPC against the
harsh extramedullary environment, allowing production of billions of blood cells in the
steady state and inflammation.

Intravital microscopy has unraveled some of the basic biological processes in hematopoietic
tissues, including stem cell behavior, organization, and movement in the steady state and
after interventions. The relatively thin cortex of the murine skull allows for serial confocal
microscopy and two-photon video imaging of individual hematopoietic progenitor cells in
live mice.25 Often, these cells are harvested from donor mice using flow sorting, and are
labeled with fluorescent dyes prior to intravenous injection into recipients. Cells may also be
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harvested from mice that ubiquitously express a fluorescent protein. Several days after
transfer, transplanted stem cells that have settled in bone marrow niches can be observed
with cellular resolution (Figure 2A), and in relation to other components of the
hematopoietic niche such as bone, blood vessels, or cells that instruct the niche's
microenvironment. Motorized microscopy stages locate precise coordinates in the skull bone
marrow, allowing to revisit the same location in serial experiments.25 With these techniques,
dynamic processes such as cell division or departure can be visualized. The experiments
have provided unprecedented insight into the life of macrophages’ most upstream
progenitors, including hematopoietic stem cells. For instance, the location of progenitors, i.e.
their proximity to bone or sinusoids, may depend on their stage of activity and maturity.
Intravital microscopy also revealed that immunosuppressive T regulatory cells protect stem
cells from immune attack after allotransplantation.26 Combining serial intravital imaging of
medullary niches in the skull with laser photoconversion have revealed that certain
catastrophic events such as myocardial infarction trigger the departure and relocation of
fluorescently labeled HSPCs out of the bone marrow and into the spleen.22 The technology
can quantify therapeutic targeting of macrophage progenitors in the bone marrow, for
instance by measuring HSPC release in serial imaging sessions. In one such experiment,
treatment with a beta 3 adrenergic receptor blocker, which acts on bone marrow niche cells
supplying retention factors27, inhibited departure of HSPC after MI.22

Clinical reports have shown altered bone marrow activity after myocardial infarction.
An18FFDG PET study in patients on day 7 after MI measured increased uptake of the tracer
in the bone marrow, reflecting accentuated glucose uptake.28 Given the spatial resolution of
PET, the signal changes could not be attributed to specific cell types. One could speculate
that the higher PET signal reflected increased cellular proliferation after MI, as higher
proliferation accelerates energy demand of bone marrow cells. There are more specific PET
agents that could report directly on cell proliferation in the bone marrow, for instance18F-
FLT (3'-deoxy-3'- fluorothymidine).29 Currently used in oncologic PET imaging of
proliferating cancer cells, this agent should also enable tracking proliferative activity of
hematopoietic tissue during atherosclerosis and after myocardial infarction, when the
periphery's increased macrophage demand signals to hematopoietic tissue to accelerate
macrophage progenitor production. These signals, which are currently being explored, could
potentially serve as therapeutic targets; imaging hematopoietic tissue would be a suitable
tool to test their therapeutic efficiency.

During atherosclerosis and myocardial infarction the bone marrow outsources the
production of monocytes to extramedullary sites such as the spleen. Intravital imaging of the
spleen is possible because motion of the organ can be easily controlled. A typical
experiment involves the exteriorization of the spleen and imaging of the splenic red pulp up
to 200 µm below the capsule (Figure 2B). It is important to maintain organ perfusion, which
can be visualized with a blood pool agent. The use of CX3CR1GFP/+ mice allows to image
monocytes and their descendants, whereas GFP expressed ubiquitously can be a tool for
imaging endogenous or adoptively transferred leukocytes. In the steady state, z-stack
projections of a CX3CR1GFP/+ spleen reveals clusters of green, relatively immotile cells in
the tissue parenchyma.19 In response to myocardial infarction, this population departs
quickly (Figure 2C), but is replaced in a few days with the help of extramedullary
hematopoiesis.30 During chronic inflammation, the spleen becomes a hematopoietic organ
that supports the production of monocytes in the red pulp.16,31 Fate-mapping studies
employing adoptive transfer of GFP+ monocyte progenitors has revealed clusters of green
cells in the red pulp (Figure 2B). These clusters bear a striking resemblance to monocyte
clusters occupying the spleen in the steady state. It is possible that, even in the steady state,
low level production of monocytes is occuring in the spleen. Traditional tools such as flow
cytometry or immunofluorescence would have been inadequate at deciphering the three-

Swirski and Nahrendorf Page 3

Immunol Cell Biol. Author manuscript; available in PMC 2013 December 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dimensional organization of these cells in an intact organ; it was intravital microscopy that
made identification of monocyte clusters and demonstration of local hematopoiesis possible.

IMAGING MOVEMENT
Monocytes generated in the bone marrow exit by relying on the CCR2 chemokine receptor
which responds to MCP1 produced by mesenchymal stem cells (MSCs) and their
progeny.32–34 Monocytes generated in the spleen do not require CCR2 but utilize
angiotensin-II to escape the red pulp (Figure 2C).19 Upon entering the circulation,
monocytes can rapidly migrate and accumulate in atherosclerotic lesions or the infarcted
myocardium (Figure 2D). Real-time tracking of the entire migration path is not yet possible
because of the cells’ velocity in the blood stream. However, some monocytes patrol the
vessel wall through weak adhesions. Tracking their migration has revealed irregular patterns
of movement, sometimes against the flow of the blood.35 The patrolling behavior
presumably allows monocytes to sense danger and alert other leukocytes. Neutrophils, as
recently shown, utilize ‘slings’ to roll at high shear stress.36 Events in which leukocytes
interact with the endothelium, such as adhesion, intravasation, and extravasation, can be
particularly conducive to intravital microscopy, especially when visualizing small vessels
whose motion can be readily stabilized (Figure 2C, D). In the microcirculation, leukocytes
traverse the endothelial and pericyte layers back and forth several times before commiting
for a final destination.37–39 This remarkable dynamism broadens our understanding of
leukocyte accumulation and suggests that leukocytes may influence a particular tissue
without necessarily differentiating or acquiring residence. It is also tempting to speculate
that such leukocytes sample their environment and “report” at distant sites.

Although real-time tracking of monocyte migration in the blood has not been possible,
pulsechase fate-mapping studies can reveal redistribution from one location to another.
Tagging sorted monocytes with the radioactive cell-labeling agent 111In-oxine and re-
injection into the blood showed continuous accumulation in the artery wall during
atherosclerosis40,41, and a biphasic time-dependent accumulation of Ly-6Chigh and Ly-6Clow

monocytes in the infarcted myocardium,20 The use of the CD45.1/CD45.2 allelic exclusion
method12 or a combination of clodronate liposome and bead labeling13 has shown that
Ly-6Chigh monocytes accumulate in atherosclerotic lesions preferentially. These imaging
approaches have forged direct links between circulating cells and tissue macrophages in
ways that would have not been possible earlier.

Intravital microscopy has proven useful in imaging cell movement in organs. Monocytes
exiting the spleen can be visualized as they intravasate from the splenic parenchyma to the
vessel (Figure 2C).19 Macrophages are predominantly found in the intima of atherosclerotic
blood vessels, but there is also a population of macrophages readily found in the adventitia.
In later stages of atherosclerosis, at least in the mouse, tertiary lymphoid organs develop
next to the adventitia.42 A long-standing question was therefore whether monocytes can
utilize the vasa vasora to shuttle to the adventitia and, subsequently, the intima, or whether
monocyte entry is exclusively dependent on traversing the endothelium into the intima.43

Recent intravital microscopy studies have shown that microvessels are indeed major
leukocyte entry points in advanced lesions.44 Because monocytes/macrophages are rarely
detected in the media, it still remains to be determined whether relocation from the
adventitia to the intima is possible. Perhaps a short transit time, rather than the absence of
movement, can explain the paucity of these cells in the media.

IMAGING MACROPHAGES AT THE EFFECTOR SITE
For decades, observing the dynamic action of macrophages in their native environment was
impossible. Vascular biology and heart failure research had to rely on snapshots that
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provided a macrophage still image in the tissue at the time of death. Molecular and cellular
imaging techniques have recently overcome several decisive hurdles. We can now observe
in vivo macrophage activity at the site of inflammation in the heart. One major obstacle of in
vivo microscopy, which has been used to image the macrophage lineage with high
resolution in other inflammatory settings and in lymph nodes, is the motion of the heart
during the cardiac cycle. ECG-gated image acquisition, together with advanced tissue
stabilisation, can now overcome these hurdles and for the first time visualize macrophages
in the beating heart (Figure 2D).45,46 In conjunction with monocyte/macrophage labeling
with exogenous dyes or fluorescent protein reporter gene techniques, these tools will likely
provide key insights into recruitment, function and interaction of macrophages with other
cells.47

Motion is likewise a major problem in imaging macrophage behavior in the atherosclerotic
lesion by intravital microscopy. In order to observe how a cell behaves in 3 dimensional
space, it is imperative that the tissue is immobilized. For these reasons, it is easier to image
the spleen, liver or lymph nodes19,48,49, but much more difficult to image the aorta which is
continuously moving as a result of the pulsatile blood flow. One way to bypass the problem
is to perform microscopic imaging of an explanted aorta.47 While this approach technically
constitutes ex vivo imaging, careful tissue handling keeps leukocytes in the vessel wall alive
and motile for many hours. Such studies have shown that dendritic cells residing in the aorta
are highly motile and readily interact with T cells, forming lasting and decisive partnerships.

Macrophages are polyfunctional in atherosclerotic lesions and in the infarcted myocardium.
Among the most studied are phagocytosis and proteolysis, major "professional" activities of
macrophages in inflammatory tissue. The phagocytic capacity of macrophages can be
harnessed by using nanoparticles as imaging agents. A variety of materials may form
suitable nanoparticles that are taken up by macrophages, most often lipid composites and
dextran polymers. Usually sized between 5 and 100 nm in diameter, these nanomaterials can
be derivatized with imaging beacons detectable with all major modalities. Magnetic
nanoparticles frequently contain iron oxide cores or gadolinium chelates, both of which
change the hydrogen behavior and consecutively contrast on MRI. While first explored in
rodents with atherosclerosis50,51 or acute MI52,53 (Figure 3A), iron oxide nanoparticles have
already been used in patients with atherosclerosis54 and myocardial infarction55 to detect
macrophages in inflamed plaque and myocardium, respectively. Advantages of macrophage
MRI include the excellent spatial resolution and soft tissue contrast of the modality.
Conventional cardiovascular MRI is firmly established in clinical care due to these
properties, and one can easily envision nanoparticle-facilitated macrophage imaging as a
valuable add-on. While iron oxide nanoparticle MRI is usually more sensitive than
gadolinium-based techniques, iron oxide nanoparticles also have limitations. These include
the negative contrast, i.e. the nanoparticles lead to signal decay. Decreased MRI signal can
also be caused by cardiac motion and flow; hence, specific solutions such as bright iron MRI
and pre/post injection imaging have been developed.56 19Fluorine MRI is noteworthy for its
supreme specificity, as19F does not naturally occur in the body and detected signal must
derive from injected nanoparticles engulfed by macrophages and other phagocytes.57

Nuclear imaging with PET is highly sensitive and quantitative.23 The limitations of PET
include the exposure to radiation and the lower spatial resolution. However, by combining
nuclear imaging with CT and MRI, spatial information can be gained in a hybrid fashion
(Figure 3B, C). Copper-64 and flourine-18 labeled nanoparticles were used to image
macrophages in mice with atherosclerotic disease (Figure 3B) and aortic aneurysms.58,59

Macrophages are major sources of proteases. In atherosclerotic plaques, proteases are of
central interest because they can destroy the stabilizing extracellular matrix and render a
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plaque more vulnerable.60 In acute myocardial infarcts, protease activity is necessary to
clear away necrotic cardiac tissue. However, the tissue-destabilizing function of proteases
may also lead to infarct expansion, rupture, and dilation of the left ventricle.61 Hence,
protease presence and activity have been explored to detect disease-promoting macrophage
activity in vivo. One prominent approach used radiolabeled small molecule inhibitors of
proteases to image the presence of these enzymes in atherosclerotic plaques62,63 and in acute
myocardial infarcts.64 As these imaging agents consist of small molecules, the hurdles for
clinical translation should be comparatively reasonable. Indeed, metalloproteinases were
recently successfully imaged in a large animal model of myocardial infarction.65 An
alternative approach that reports on protease activity rather than presence employs cleavable
optical prodrugs that are activated when they become a substrate of proteases. Here,
fluorochromes that are detectable with near infrared imaging are closely approximated to
each other by linkers that are protease substrates. The specificity to certain proteases such as
cathepsins or metalloproteinases can be tailored by using enzyme specific peptide
sequences. While whole animal imaging is feasible in the mouse and has detected protease
activity in murine infarcts21 and plaques66 (Figure 3D), the limited penetration of optical
imaging will curtail potential clinical applications. However, catheter-based detection of
protease activity in human coronary plaque may be feasible, as demonstrated in experiments
in rabbits.67

CLINICAL DEVELOPMENTS
Will macrophage imaging ever become a clinical tool? Likely it will, as it has already been
used in patients with cardiovascular disease and gained a foothold in the clinical trial
arena.68 18F-FDG imaging, while not specific to macrophages, is one option that is clinically
available. PET imaging studies in animal models of atherosclerosis and myocardial
infarction reported correlation of macrophage density with 18F-FDG activity in the
plaque69,70 and acute infarcts71, likely due to the high glucose uptake into these active cells.
A similar correlation was reported for 18F-FDG activity in carotid plaque and subsequent
histological enumeration of macrophages in patients that were imaged before
endarterectomy.72 In addition to the limited specificity of 18F-FDG to macrophages, the
high uptake of the tracer into myocytes in the heart poses a problem. Because the
quantitative and sensitive character of PET is particularly helpful in clinical trials, other,
more specific macrophage agents (for instance nanoparticle based) may need to be pursued.
Iron oxide core nanoparticle MRI is another example for clinical macrophage imaging in
patients with atherosclerosis or myocardial infarction. The typical decay of signal in T2-
weighted MR imaging was observed in carotid arteries of patients with atherosclerosis54 and
in patients on day 7 after acute myocardial infarction.55 Microscopic detection of
macrophages in coronary arteries of patients is currently pursued with optical coherence
tomography, a technique that relies on catheter-based optical imaging.73 The latest technical
advances of this intracoronary imaging modality have pushed the spatial resolution to 1 µm,
and should therefore allow to distinguish single cells in the coronary plaque.74 These
examples highlight that macrophage imaging has arrived in patients. However, it is still a
long road to implementation into routine clinical decision making. The obvious advantages
which may motivate this development include the early detection of inflammatory
macrophage activity at a disease stage when therapeutic measures can prevent complications
such as MI and heart failure. In clinical studies, surrogate macrophage imaging markers may
reduce the size of current therapeutic trials to more reasonable and cost effective
dimensions. Before we get to this point, individual imaging approaches will have to undergo
rigorous clinical validation.
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PERSPECTIVES AND CONCLUSIONS
In the 1966 science fiction film “Fantastic Voyage” a team of experts travels in a submarine
shrunken to 1 µm in length inside the body of a scientist who is comatose because an
attempted assasination left him with a clot in the brain. Their mission is to destroy the clot
and exit the patient before the submarine begins to revert to its original size. The characters
face many obstacles as they travel throught the heart, ear, lungs, and brain, before
completing their task and escaping through a tear duct. The movie reflects the ultimate
aspiration of biomedical imaging: to visualize, in vivo, the workings of our cells and organs.
Nearly half a century later, we are realizing at least parts of that dream. Increasingly
sophisticated imaging technologies combined with genetic approaches that target molecules
and processes of interest are providing us with glimpses of the dynamic microcosm that
animates us. We will continue to be challenged as the underlying biological questions push
the limits of our technologies. Properties of light and other radiation, detection capabilities,
and many physical and biological constraints will need to be accomodated, manipulated,
developed, or overcome so that we can continue to make meaningful discoveries about the
cellular and sub-cellular world
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Figure 1. A simple model of the macrophage lineage in atherosclerosis
1. Hematopoietic stem and progenitor cells (HSPC) give rise to monocytes in the bone
marrow, including the Ly-6Chighsubset. 2. During atherosclerosis, HSPC mobilize and seed
secondary lymphoid organs such as the spleen. 3. In the spleen, HSPC give rise to
monocytes in a process called extramedullary hematopoiesis. 4. Monocytes produced in the
bone marrow and spleen enter the circulation. 5. Monocytes rely on various signals to enter
the atherosclerotic lesion. 6. In the lesion, monocytes differentiate to macrophages. 7.
Monocyte-derived macrophages ingest lipids and become lipidrich foam cells (FC). 8. There
may also be monocyte-independent macrophages residing in the aorta that possibly
contribute to FC formation. Black arrows depict cell or lipid movement whereas blue arrows
depict differentiation.
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Figure 2. Intravital microscopy of the macrophage linage
(A) HSPC in the bone marrow niche after adoptive transfer of FACS isolated, near infrared
membrane labeled progenitors. (B) GFP+ progenitor cells in the spleen form a cluster in the
red pulp. (C) Monocyte that departs the splenic reservoir after induction of myocardial
infarction. Two movie frames (59 seconds apart) of video microscopy are shown. (D)
Intravital microscopy of monocytes in the mouse heart.
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Figure 3. Non-invasive organ-level macrophage imaging
(A) Macrophage imaging in the infarct with iron oxide nanoparticle-facilitated MRI in a
mouse after coronary ligation. The arrows point at signal decrease in the infarct area. (B)
PET/CT imaging in atherosclerotic lesions of an apoE−/− mouse using 64Cu labeled
nanoparticles. (C) PET/MRI of infarct macrophages with 64Cu labeled nanoparticles. The
lower panels show ex vivo autoradiography and the pale infarct on triphenyltetrazolium
chloride (TTC) staining. (D) Fluorescence molecular tomography of protease activity in an
apoE−/−mouse with atherosclerosis (arrow heads) and myocardial infarction (arrow).
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